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ABSTRACT 
A tidal bore is a series of waves propagating upstream in an estuarine zone, when the tidal flow 
turns to rising. It is an unsteady rapidly-varied free-surface flow generated by the rapid rise in water 
elevation during the early flood tide, when the tidal range exceeds 4.5 to 6 m and the channel 
bathymetry amplifies the flood tidal wave. Some unusual situations might be observed in natural 
systems, including tidal bore collision and crossing. This study describes a detailed field 
investigation in the Garonne River next to a bore crossing at Arcins (France). Some key features 
included a fine temporal resolution with 200 Hz velocity sampling rate, the complementary nature 
of the instrumentation (ADV, OBS, CTD), and a comprehensive characterisation of the sediment 
properties. The tidal bore was undular in the Arcins channel on 19 October 2013 and its Froude 
number was Fr1 = 1.27. The undular bore front was followed by some well-defined whelps. A most 
unusual feature was the collision between the Arcins channel tidal bore and the Garonne River main 
channel bore close to the southern end of the Arcins channel, about 800 m from the sampling site. 
The collision of the two tidal bores generated a transient standing wave with a dark black water 
mixing zone. Afterwards the Garonne River's main channel bore propagated 'backward' up to the 
northern end of the Arcins channel. It is suggested that the bore collision resulted from the siltation 
of the Arcins channel, delaying the propagation of the tidal bore in the silted channel and allowing 
the main channel bore to enter and develop at the southern end of the Arcins channel. The 
instantaneous velocity data indicated large and rapid fluctuations of all velocity components during 
the tidal bore. Large Reynolds shear stresses were observed during and after the tidal bore passage, 
including during the 'backward' bore propagation. The amplitude of the instantaneous turbulent 
shear stresses was one to two orders of magnitude larger than the critical stresses for sediment 
motion onset. Large SSC estimates were recorded and the suspended sediment flux data showed 
some substantial sediment motion, consistent with the murky appearance of the flood tide waters. 
The collision of tidal bores in the Arcins channel was a very unusual occurrence. 
 
Keywords: Undular tidal bore, Tidal bore collision, Garonne River, Turbulent mixing, Field 
measurements, Granulometry, Rheology, Suspended sediment concentration, Acoustic Doppler 
velocimetry, Salinity, Temperature. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
A1 initial channel cross-section area (m2) immediately prior to the tidal bore passage; 
A2 channel cross-section area (m2) immediately after to the tidal bore passage; 
Ampl ADV signal amplitude (counts); 
aw amplitude (m) of the first free-surface undulation; 
B 1- free-surface width (m); 
 2- characteristic free-surface width (m) defined by Equation (1-3); 
B' characteristic free-surface width (m) defined by Equation (1-4) 
B1 initial free-surface width (m) immediately prior to the tidal bore passage; 
B2 initial free-surface width (m) immediately after the tidal bore passage; 
d water depth (m); 
d1 initial water depth (m) immediately prior to the tidal bore passage; 
d2 conjugate water depth (m) immediately after the tidal bore passage; 
d10 first decile of grain size distribution (m); 
d50 median grain size (m); 
d90 ninth decile of grain size distribution (m); 
Fcutoff cutoff frequency (Hz); 
Fr Froude number; 
Fr1 tidal bore Froude number defined as: 
 
1
1
1
1
B
Ag
UVFr

  
g gravity acceleration (m/s2); 
Lw wave length (m) of the first free-surface undulation; 
m dimensionless exponent; 
N number of data points; 
NTU OBS backscatter amplitude (NTU); 
Po porosity; 
qs instantaneous advective suspended sediment flux per unit area (kg/m2/s) defined as: 
 xs VSSCq   
R normalised correlation coefficient; 
Rxx normalised auto-correlation coefficient; 
SSC suspended sediment concentration (kg/m3); 
(SSC)c characteristic suspended sediment concentration (kg/m3) above which signal backscatter 
attenuation is observed; 
s relative density of wet sediment; 
t time (s); 
 vi 
TVx integral time scale (s) of the longitudinal velocity component; 
TVy integral time scale (s) of the transverse velocity component; 
TVz integral time scale (s) of the vertical velocity component; 
Tw period (s) of the first free-surface undulation; 
U tidal bore celerity (m/s) for an observer standing on the bank, positive upstream; 
V flow velocity (m/s) positive downstream; 
V1 initial cross-sectional averaged flow velocity (m/s) immediately prior to the tidal bore 
passage; 
V2 conjugate cross-sectional averaged flow velocity (m/s) immediately after the tidal bore 
passage; 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous transverse velocity component (m/s); 
Vz instantaneous vertical velocity component (m/s); 
V variable interval time-averaged velocity (m/s) 
v instantaneous velocity fluctuation (m/s) : v = V - V ; 
vx instantaneous fluctuation (m/s) of Vx; 
vy instantaneous fluctuation (m/s) of Vy; 
vz instantaneous fluctuation (m/s) of Vz; 
vx' standard deviation (m/s) of Vx; 
vy' standard deviation (m/s) of Vy; 
vz' standard deviation (m/s) of Vz; 
x longitudinal distance (m) positive downstream; 
y transverse distance (m) positive towards the Arcins island; 
z vertical distance (m) positive upwards; 
 
A cross-section area difference (m2): A = A2 - A1; 
d water depth difference (m): d = d2 - d1; 
 dimensionless residual term; 
 effective viscosity (Pa.s); 
 angle between channel bed slope and horizontal; 
 water density (kg/m3); 
 time lag (s); 
ij Reynolds shear stress (Pa): ij = vivj where i,j = x,y,z; 
c apparent yield stress (Pa); 
o boundary shear stress (Pa); 
(o)c critical boundary shear stress (Pa) for bed load motion; 
Ø diameter (m); 
 
 vii 
Subscript 
x longitudinal direction positive downstream; 
y transverse direction positive towards the Arcins island; 
z vertical direction positive upwards; 
1 flow property immediately prior to the tidal bore passage; 
2 flow property immediately after the tidal bore passage; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
C Celsius; 
CTD conductivity, temperature and depth meter; 
fps frames per second; 
h hour; 
IGN Institut Géographique National; 
min minute; 
Nb number; 
NTU nephelometric turbidity unit; 
OBS optical backscattering meter; 
ppm parts per million; 
SSC suspended sediment concentration; 
Std standard deviation; 
s second; 
VITA variable-interval time average. 
 
Notes 
All times are expressed in local times using the local time zone: e.g., during the field study, France's 
local time zone was (GMT + 1). 
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1. INTRODUCTION 
1.1 PRESENTATION 
A tidal bore is a series of waves propagating upstream in an estuarine zone, when the tidal flow 
turns to rising. It is a rapidly-varied unsteady open channel flow generated by the relatively rapid 
rise in water elevation during the early flood tide, when the tidal range exceeds 4.5 to 6 m and the 
funnel shape of both river mouth and lower estuarine zone amplifies the tidal wave. The driving 
process is the large tidal amplitude and its amplification in the estuarine system (TRICKER 1965, 
CHANSON 2011a). After formation, the bore is characterised by an abrupt rise in water surface 
elevation at the bore leading edge (Fig. 1-1), which is a singularity in terms of pressure and velocity 
fields. Figure 1-1 illustrates some tidal bores in China and France. Pertinent accounts include 
MOORE (1888) and MALANDAIN (1988). The existence of the tidal bore is based upon a delicate 
balance between the tidal amplitude, the freshwater river flow conditions and the estuarine channel 
bathymetry; such a balance may be easily disturbed by changes in boundary conditions and 
freshwater runoff (CHANSON 2011a). A number of man-made interventions led to the 
modification and sometimes disappearance of tidal bores, for example in France, Canada, Mexico 
(CHANSON 2011a,2013). Although the fluvial navigation gained in safety (e.g. in France), the 
ecology of the estuarine systems was affected adversely, e.g. with the disappearance of native fish 
species in Canada. Some geophysical events may also affect the tidal bores: e.g., the 1964 Alaska 
earthquake on the Turnagain and Knik Arms bores, the combination of storm surge and spring tide 
in Bangladesh in November 1970, the 2001 flood of the Ord River (Australia), the 2010 El Mayor-
Cucapah earthquake on the Colorado River bore. 
A related process is the tsunami-induced bore. When a tsunami wave propagates upriver, its leading 
edge may be led by a positive surge (CHANSON and LUBIN 2013). The tsunami-induced bore 
may propagate into the rivers far upstream, as seen in Japan in 1983, 2001, 2003 and 2011 
(TANAKA et al. 2012), during the 26 December 2004 tsunami disaster in the Indian Ocean, and in 
the River Yealm in United Kingdom on 27 June 2011. 
The inception and development of a tidal bore may be predicted using the shallow-water equations: 
e.g. Saint-Venant equations. After formation, the bore front may be analysed as a hydraulic jump in 
translation (LIGHTHILL 1978, LIGGETT 1994). Neglecting the boundary friction and for a flat 
horizontal channel (  0), the equations of conservation of mass and momentum in their integral 
form give a relationship between the ratio of conjugate cross-section areas A2/A1 as a function of 
the tidal bore Froude number Fr1 (CHANSON 2012) (Fig. 1-2): 
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Equation (1-1) is valid for any tidal bore in an irregular channel, and the effects of the channel 
cross-sectional shape are accounted for with the ratios B'/B and B1/B. 
 
 
(A) Undular tidal bore of the Dordogne River on 24 August 2012 at St Pardon (France) 
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(B) Undular tidal bore with some breaking, Garonne River on 24 August 2013 at Podensac (France) 
 
(C) Breaking tidal bore of the Qiantang River on 7 September 2013 at Yanguan (China) 
Fig. 1-1 - Photographs of tidal bores 
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Fig. 1-2 - Definition sketch of a tidal bore propagating in a natural channel 
 
Tidal bore crossing and collision 
The above theory was developed for a tidal bore propagating in a prismatic channel. Some unusual 
situations were observed in natural systems, including tidal bore collision and crossing. In the 
Hangzhou Bay (China), the Qiantang River bore develops in two distinct channels: the northern 
channel and southern channel. When the two channels merge, the bores cross at near right angle 
with spectacular splashing and mixing. The phenomenon is well known in China and it is often 
televised during the Moon festival. The second author (H. CHANSON) observed the crossing of the 
tidal bores on 6 September 2013 upstream of Daquekou, 60 km east of Hangzhou City (China) (Fig. 
1-3). The crossing was spectacular, especially when the southern channel bore impacted the 
northern dyke (Fig. 1-3B). It was followed by the formation of a very turbulent region in the wake 
of the bore crossing, which was advected upstream behind the main bore front (Fig. 1-3C). The 
free-surface of this highly turbulent region was very dark, nearly black, suggesting some intense 
sediment upwelling in the water column up to the free-surface (Fig. 1-3D). Further upstream the 
Qiantang River bore is reflected in a sharp bend at Laoyanchang dam (DAI and ZHOU 1987). After 
the impact onto the dam, the reflected bore travelled downstream over the incoming flood flow 
(Fig. 1-4). 
In shallow water bays, a tidal bore may propagate at different speeds in the braided channels, 
leading occasionally to some tidal bore collision. The second author (H. CHANSON) saw some 
examples in the Bay of Mont St Michel. Around an island, the tidal bore may propagate at different 
celerities depending upon the respective channel depths. ROWBOTHAM (1983) described the bore 
of the Severn River advancing at different speed in two channels "at the upper end of Alney Island"; 
"the western bore [...] split with much confusion"; "part runs down the East Channel and may go as 
far as the one time Globe Inn at Sandhurst before meeting its tardy brother face to face. After a 
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swirling struggle for supremacy the upward tide inevitably wins" (ROWBOTHAM 1983, pp. 21-
22). There are anecdotal mentions of frontal collision of tidal bores, in the River Trent (UK) 
(JONES 2012, Pers. Comm.) and Garonne River (France) (REUNGOAT et al. 2014) (Fig. 1-5). In 
July 2012 and August 2013, two authors (D. REUNGOAT, H. CHANSON) observed the bore of 
the main channel of the Garonne River reaching first the southern end of Arcins Island and entering 
the channel before vanishing (Fig. 1-5). 
 
 
(A) Crossing of the southern bore (Right) and northern bore (Left) - The arrow points to the bore 
intersection 
 
(B) Southern bore impacting into the dyke (see arrow) 
6 
 
(C) Intense mixing at the water surface in the wake of the bore crossing (see arrows) 
 
(D) Black water at the free surface in the wake of the bore crossing 
Fig. 1-3 - Qiantang River bore crossing on 6 September 2013 upstream of Daquekou (China) - 
View from the left bank 
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(A, Left) Incoming tidal bore propagating from left to right 
(B, Right) Reflected bore propagating from right to left about 43 s later 
Fig. 1-4 - Qiantang River bore reflection at Laoyanchang dam (China) on 6 September 2013 - View 
from the same location on the left bank - Note the higher water level after the tidal bore reflection 
 
Fig. 1-5 - Tidal bore of the Garonne River main channel entering the southern end of the Arcins 
channel and propagating northwards against the tidal bore of the Arcins channel on 22 August 2013 
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(after REUNGOAT et al. 2014) 
 
On 6 November 2013, several surfers riding the Petitcodiac River tidal bore (Moncton, Canada) 
experienced a tidal bore collision, allegedly linked with an upstream reservoir release travelling 
downstream and colliding head-on with the tidal bore (CBC News 2013). The surfers were pushed 
back over nearly 300 m by the colliding bore (D. LEBLANC, Pers. Comm., 2 Dec. 2013). An 
observer described the situation faced by three of the surfers: "During a 10-minute period, the three 
surfers were caught in a series of whirling currents provoked by the collision of the super bore and 
the opposing currents [...]; After some time they managed to break free and make it to shore safe 
and sound". 
The collision of undular bores was analysed theoretically by BESTEHORN and TYVAND (2009). 
They solved the Laplace equation for the case of two undular bores running into each other from 
opposite directions. The phenomenon is identical to an undular bore impacting a solid vertical wall 
when both bores have the same strength (e.g. STOKER 1957, RAMSDEN 1996), but 
BESTEHORN and TYVAND's (2009) development was expanded to bores of different strengths. 
 
1.2 STRUCTURE OF THE REPORT 
In the Garonne River, CHANSON et al. (2011) performed a detailed study of the turbulent and 
sedimentary processes in the tidal bore at Arcins at the end of a dry summer. REUNGOAT et al. 
(2014) conducted another study at the same site, but a few weeks after a major flood. In the present 
study, new field measurements were conducted at the same site in the Garonne River (France) on 19 
October 2013. The turbulent velocity measurements were performed continuously at high-
frequency (200 Hz) prior to, during and after the tidal bore, and the data were complemented with 
some continuous measurements of water conductivity, temperature and sediment concentration. An 
unusual feature of the study was the influence of the bore of the main channel of the Garonne River. 
It entered the southern end of the Arcins channel and propagated northwards. It collided with the 
Arcins channel bore before continuing downstream past the sampling site. The field investigation 
and instrumentation are described in section 2. The main results are presented in sections 3, 4, and 5 
and they are compared to past field observations (Table 1-1). Appendix A lists the field work 
participants. Appendix B shows a number of photographs of the field study. Appendices C, D and E 
regroup some experimental data in terms of sediment properties and instrument calibration. 
Appendices F and G present the instantaneous velocity and turbulent Reynolds stress data. 
Appendix H develops some application of the Saint-Venant equations to tidal bore collision and 
Appendix I illustrates the flood of the Garonne River on 30 January-2 February 2014. 
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Table 1-1 - Field measurements in tidal bores 
 
Reference Initial flow Instrument Channel geometry Remarks 
 V1 d1    
 m/s m    
(1) (2) (3) (4) (5) (6) 
LEWIS (1972) 0 to 
+0.2 
0.9 to 
1.4 
Hydro-ProductsTM type 
451 current meter 
Dee River (UK) near 
Saltney Ferry footbridge. 
Trapezoidal channel 
Field experiments 
between March and 
September 1972. 
NAVARRE (1995) 0.65 to 
0.7 
1.12 to 
1.15 
Meerestechnik-
Electronik GmbH model 
SM11J acoustic current 
meter (sampling 10Hz) 
Dordogne River (France) 
at Port de Saint Pardon 
Width ~ 290 m 
Field experiments on 
25 & 26 April 1990. 
KJERFVE and 
FERREIRA (1993) 
  InteroceanTM S4 electro-
magnetic current meters 
(sampling: 1-2 Hz) 
Rio Mearim (UK) Field experiments on 
19-22 Aug. 1990 & 
28 Jan.-2 Feb. 1991. 
WOLANSKI et al. 
(2001) 
-- 0.45 AnaliteTM nephelometer Ord River (East Arm) 
(Australia) 
Width ~ 380 m 
Field experiments in 
August 1999. 
CHEN (2003) -- -- -- North Branch of the 
Changjiang River 
Estuary (China) 
Experiments in April 
2001. 
SIMPSON et al. 
(2004) 
0.1 ~0.8 ADCP (1.2 0 MHz) 
(sampling rate:1 Hz) 
Dee River (UK) near 
Saltney Ferry Bridge. 
Trapezoidal channel 
(base width ~ 60 m) 
Field experiments in 
May and September 
2002. 
WOLANSKI et al. 
(2004) 
0.15 1.5 to 4 NortekTM Aquadopp 
ADCP (sampling rate:2 
Hz) 
Daly River (Australia). 
Width ~ 140 m 
Field experiments in 
July and September 
2002, and on 2 July 
2003. 
CHANSON et al. 
(2011) 
  ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Arcins channel, Garonne 
River (France) 
Width ~ 76 m 
Undular tidal bore. 
 0.33 1.40 (*)   10 Sept. 2010. 
 0.30 1.43 (*)   11 Sept. 2010. 
MOUAZE et al. 
(2010) 
  ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Pointe du Grouin du Sud, 
Sélune River (France) 
Breaking tidal bore. 
 0.86 0.15 (*)   24 Sept. 2010. 
 0.59 0.11 (*)   25 Sept. 2010. 
FURGEROT et al. 
(2013) 
0.4 0.75 ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Sée River (France) 
Width ~ 22 m 
Undular bore on 7 
May 2012. 
REUNGOAT et al. 
(2014) 
  microADV SontekTM 
(16 MHz)  
(sampling: 50 Hz) 
Arcins channel, Garonne 
River (France) 
Width ~ 78 m 
Weak undular tidal 
bore. 
 0.68 2.0 (*)   7 June 2012 morning 
 0.59 1.94 (*)   7 June 2012 afternoon
Present study 0.26 1.32 (*) ADV NortekTM  
Vectrino+ (10 MHz)  
(sampling: 200 Hz) 
Arcins channel, Garonne 
River (France) 
Width ~ 65 m 
Undular tidal bore on 
19 October 2013 
afternoon. 
 
Notes: d1: initial water depth (at sampling location); V1: initial flow velocity; (--): information not 
available; (*): equivalent depth A1/B1. 
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2. FIELD INVESTIGATION, INSTRUMENTATION AND SAMPLING SITE 
2.1 FIELD INVESTIGATION AND SITE 
The field study was conducted in the Arcins channel of the Garonne River (France), between the 
Arcins Island and the right bank close to Lastrene. The site is about 6.5 km south-west of the centre 
of the City of Bordeaux and the location is shown in Figure 2-1. The Arcins channel is about 1.8 km 
long, 70 m wide and about 1.1 to 2.5 m deep at low tide (Fig. 2-2). Figure 2-2 shows some 
photographs of the channel and further photographs are presented in Appendix B. Figure 2-3 
presents a cross-sectional survey conducted on 19 October 2013, in which data are compared with 
the bathymetric survey conducted at the same location (1) on 10 September 2010 and 7 June 2012, 
with z being the vertical elevation in m NGF IGN69 (2). The bathymetric data indicated a siltation 
of the channel at the sampling site since the latest field studies. In Figure 2-3B, the details of the 
ADV sampling volume location and surroundings are shown. 
 
 
(A) Dimensioned sketch of the Garonne River channel and Arcins Island (inset: Map of France) 
                                                 
1 The 2013 survey was conducted at the same location as the 2010 and 2012 surveys. 
2 The NGF IGN69 Datum is 1.84 m above the datum of the Bordeaux tidal gauge. 
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(B) Map of Bordeaux (Courtesy of Géoportail, Institut Géographique National) - Red arrow points 
to Arcins Island 
Fig. 2-1 - Map of the City of Bordeaux, Garonne River channel and Arcins Island 
 
 
(A) Looking downstream (i.e. North) on 19 October 2013 at 11:50, about 5 h 15 min before the 
tidal bore 
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(B) Looking downstream at the incoming tidal bore on 19 October at 17:06 
 
(C) Details of the pontoon (foreground) looking at Arcins Island on 19 October 2013 at 11:50 
Fig. 2-2 - Photographs of Arcins channel 
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(A) Surveyed (distorted) cross-section looking upstream (i.e. South) - Comparison with the 2010 
and 2012 surveys at the same cross-section - Water levels immediately before and after bore front 
are shown (19 October 2013) 
 
 
(B) Un-distorted dimensioned sketch of the ADV mounting, sampling volume location and water 
surface 5 minutes prior to the tidal bore on 19 October 2013- Left: view from Arcins Island - Right: 
looking upstream (i.e. South) 
Fig. 2-3 - Surveyed cross-section of Arcins channel with the low tide water level on 19 October 
2013 and the corresponding ADV sampling volume location 
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Fig. 2-4 - Measured water elevations at Bordeaux (44°52'N, 0°33'W) (Data: Vigicrue, Ministère de 
l'Environnement et du Développement Durable) and observations in the Arcins channel on 19 
October 2013 - The location of the water level gauge is shown in Figure 2-1A 
 
Table 2-1 - Tidal bore field measurements in the Arcins channel, Garonne River (France) (Present 
study, REUNGOAT et al. 2014, CHANSON et al. 2011) 
 
Date Tidal 
range 
(m) 
ADV 
system 
Sampling 
rate 
(Hz) 
Sampling 
duration 
Start 
time 
Tidal 
bore 
time 
End 
time 
ADV sampling volume 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
10/09/2010 6.03 Nortek 
Vector 
64 2h 45 min 17:15 18:17 20:00 About 7 m from right bank 
waterline (at low tide), 0.81 
m below water surface. 
11/09/2010 5.89 Nortek 
Vector 
64 2h 20 min 18:00 18:59 20:10 About 7 m from right bank 
waterline (at low tide), 0.81 
m below water surface. 
7/06/2012 5.68 Sontek 
microADV 
50 2h 58 min
(10,694 s)
06:01 06:44 09:00 About 11.58 m from right 
bank waterline (at low tide), 
1.03 m below water surface. 
 5.5 Visual 
observatio
ns 
N/A N/A N/A 18:47 N/A N/A. 
19/10/2013 6.09 Nortek 
Vectrino+ 
200 4h 7 min 14:09 17:06 18:16 About 4.51 m from right 
bank waterline (at low tide), 
0.98 m below water surface. 
 
Notes: Tidal range: measured at Bordeaux; All times are in French local times. 
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Although the tides are semi-diurnal, the tidal cycles in Bordeaux have slightly different periods and 
amplitudes typical of some diurnal inequality. Figure 2-4 presents the water elevation observations 
at Bordeaux that are compared with the water elevations recorded on-site prior to and shortly after 
the passage of the tidal bore on 19 October 2013. In Figure 2-4, all the water elevations are 
presented in m NGF IGN69. 
The field measurements were conducted under spring tide conditions on 19 October 2013 afternoon. 
The tidal range data are summarised in Table 2-1 (column 2) and compared with previous studies 
conducted at the same site. Herein the measurements were conducted prior to, during and after the 
passage of the tidal bore for a few hours in the afternoon. The study start and end times are shown 
in Table 2-1 (columns 6 & 8) and the time of passage of the tidal bore at the sampling location is 
indicated (Table 2-1, column 7). 
 
2.2 INSTRUMENTATION 
The free surface elevations were measured manually using a survey staff. During the passage of the 
tidal bore, a video camera recorded the water level and the data were collected at 25 frames per 
seconds (fps) for nearly 12 minutes. The survey staff was mounted about 2 m from the ADV unit 
towards the right bank, to minimise any interference with the ADV sampling volume. A D&A 
Instrument OBS-5+ (Serial No S5153, Firmware v1.20) unit was deployed beside the ADV to 
record the suspended sediment concentration about 0.55 m below the water surface. The OBS 
system was sampled at 25 Hz, with the data returned every 10 s at 25 Hz for 5 s. The water 
temperature, conductivity and pH were recorded about 0.2 m below the water surface. The water 
temperature was measured manually with a thermometer Ebro Electronic TTX100 Type T as well 
as with a self-logging CTD Model SBE37-SMP (Serial No 3980, Firmware v2.6) sampled at 0.2 
Hz. The water conductivity was recorded also with the CTD unit at 0.2 Hz, as well as with a 
conductivity meter Consort C931. The pH was sampled manually with a waterproof pH meter 
pHTesttr2. 
During the study, the instantaneous velocity components were measured with a NortekTM ADV 
Vectrino+ (10 MHz, serial number VNO1356). The system used the firmware version 1.31. The 
ADV system was equipped with a down-looking head (ADV field) equipped with four receivers 
(Fig. 2-5). The ADV unit was fixed beneath a hull of a heavy and sturdy pontoon. It was mounted 
vertically, the emitter pointing downwards and the positive direction head towards downstream. 
Figure 2-3 shows the location of the ADV sampling volume in the surveyed cross-section. The 
probe was located between the hulls of the pontoon and the sampling volume was about 0.98 m 
below the free-surface (Table 2-1, column 9; Fig. 2-2B). For the study, the velocity range was 2.5 
16 
m/s, the ADV was set up with a transmit length of 0.3 mm and a sampling volume of 1.5 mm 
height, and the sampling rate was 200 Hz. The ADV data underwent a post-processing procedure to 
eliminate any erroneous or corrupted data from the data sets to be analysed. The post processing 
was conducted with the software WinADVTM version 2.028, and it included the removal of 
communication errors, the removal of average signal to noise ratio (SNR) data less than 5 dB and 
the removal of average correlation values less than 60% following McLELLAND and NICHOLAS 
(2000). In addition the signal was despiked using the phase-space thresholding technique developed 
by GORING and NIKORA (2002) and implemented by WAHL (2003). The percentage of good 
samples was superior to 82% for the entire data set. 
The channel cross-section was surveyed with a Theodolite n"64585 DGT10 CST/berger. Further 
observations were recorded with digital cameras PentaxTM K-7, SonyTM Alpha 33 (25 fps), and a 
number of HD digital video cameras. 
 
 
Fig. 2-5 - Details of the NortekTM ADV Vectrino+ head (ADV Field) with 4 receivers 
 
2.3 CHARACTERISATION OF THE BED MATERIAL 
Some Garonne River bed material was collected at low tide on 17, 19 and 20 October 2013 
afternoon next to the pontoon on the right bank at Arcins. The soil sample consisted of fine mud 
and silt materials collected just above the low tide water elevation (3). A series of laboratory tests 
were conducted to characterise the bed material: i.e., the particle size distribution, rheometry and 
                                                 
3The mud sample was soft and could be considered somehow as a form of mud cream. 
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backscatter properties. Some water samples were also collected on 19 October 2013 at 16:45 and 
17:45 about 0.2 m below the water surface. The water samples and some wet sediments were dried 
in an oven, set at 41 C, to measure the mass of dry sediments for each sample. 
The soil sample granulometry was measured with a MalvernTM laser Mastersizer 2000 equipped 
with a Hydro 3000SM dispersion unit for wet samples. Following REUNGOAT et al. (2012), the 
sediment sample was mixed mechanically. The granulometry was performed fifteen times with six 
different data analyses and the results were averaged. The differences between all the runs were 
negligible. 
The rheological properties of mud samples were tested with a rheometer MalvernTM Kinexus Pro 
(Serial MAL1031375) equipped with a plane-cone ( = 40 mm, cone angle: 4°). The gap truncation 
(150 m) was selected to be more than 10 times the mean particle size. The tests were performed 
under controlled strain rate at constant temperature (25 C). Between the sample collection and the 
tests, the mud was left to consolidate for 4 days. Prior to each rheological test, a small mud sample 
was placed carefully between the plate and cone (Fig. 2-6). The specimen was then subjected to a 
controlled strain rate loading and unloading between 0.01 s-1 and 1,000 s-1 with a continuous ramp 
(2 minutes ramp time). Figure 2-6 presents some photographs of the tests. 
The calibration of the ADV and OBS units was accomplished by measuring the ADV and OBS 
signal amplitudes of known, artificially produced concentrations of material obtained from the bed, 
diluted in tap water and thoroughly mixed. Two series of experiments were conducted (App. E). 
During the first series, the laboratory experiments were performed with the same NortekTM ADV 
Vectrino+ system and OBS-5+ unit using the same settings as for the field measurements on 19 
October 2013. For each test, a known mass of wet sediment (4) was introduced in a water tank 
which was continuously stirred with a paint mixer (Fig. 2-7). The mixer speed was adjusted during 
the most turbid water tests to prevent any obvious sediment deposition on the tank bottom. The 
mass of wet sediment was measured with a Mettler™ Type PM200 (Serial 86.1.06.627.9.2) 
balance. The mass concentration was deduced from the measured mass of wet sediment and the 
measured water tank volume. The average ADV backscatter amplitude measurements represented 
the average signal strength of the four receivers, and it was measured in counts. The ADV signals 
were post-processed using the same method as the field data: i.e., with the removal of 
communication errors, average signal to noise ratio data less than 15 dB, average correlation values 
less than 60%, and signal spikes based upon the phase-space thresholding technique. The 
backscatter amplitude measurements were recorded for 60 s for each run. 
The second series of experiments were conducted with the OBS-5+ unit only and each run lasted 5 
                                                 
4 The density of wet sediments was 1.341. 
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minutes. The mass of wet sediment was recorded with an Adams PGW753i scale with a precision 
of 0.001 g. 
During all the tests, the suspended sediment concentrations (SSCs) ranged from less than 0.01 
kg/m3 to more than 60 kg/m3. 
 
  
 
Fig. 2-6 - Rheometry tests - From Top left, clockwise: rheometer, cone disk after testing, lower plan 
disk after testing 
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(A) General view - From left to right: two water mixers, OBS unit (bakground) & ADV unit 
  
(B, Left) SSC = 1.66 kg/m3    (C, Right) SSC = 38.89 kg/m3 
Fig. 2-7 - Photographs of the laboratory experiments for ADV and OBS calibration (SSC versus 
signal amplitude) 
 
2.4 REMARKS 
2.4.1 ADV synchronisation 
The water elevation measurements, ADV data and all other measurements were synchronised 
within a second. All cameras, digital video cameras and instruments were also synchronised 
together with the same reference time within a second. 
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2.4.2 Data accuracy 
The accuracy on the ADV velocity measurements was 1% of the velocity range ( 2.5 m/s) (Nortek 
2009). The accuracy of the water elevation was 0.5 cm prior to the tidal bore and 1-2 cm during the 
tidal bore passage. 
The mass of dry and wet sediments was measured with an accuracy of less than 0.01 g. 
The accuracy of the temperature and conductivity measurements with the CTD unit was 0.002 C 
and ±0.0003 S/m respectively. 
The accuracy of the OBS unit was 1.5% of full scale (range: 0.4-1000 NTU). 
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3. SEDIMENT PROPERTIES AND SUSPENDED SEDIMENT 
CONCENTRATION ESTIMATES 
3.1 PRESENTATION 
The bed sediment material was characterised by a series of laboratory experiments. The relative 
density of wet sediment samples was s = 1.341 to 1.41 (App. C). With a density of dry sediments of 
2.65, this corresponded to a sample porosity of 0.78 to 0.75. The particle size distribution data 
presented close results for both samples although they were collected over two different days at 
different locations (Table 3-1, Fig. 3-1). In Table 3-1, the present results are compared with the 
characteristics of sediment samples collected at the same site in 2012. The full results are reported 
in Appendix D. 
The median particle size was 15 m corresponding to some silty materials (GRAF 1971, JULIEN 
1995) while the sorting coefficient 1090 d/d  was about 3.7 (Table 3-1, column 9). The bed 
material was a cohesive mud mixture. The results may be compared with some sediment materials 
collected in the Garonne River at the same site in June 2012 (REUNGOAT et al. 2014) (Table 3-1). 
The properties of the Garonne River sediment collected in 2012 and 2013 in the Arcins channel 
were very similar. Further details are reported in Appendix C. 
 
Table 3-1 - Characteristics of sediment samples collected in the Garonne River on 19 October 2013. 
Comparison with sediment samples collected on 7 and 8 June 2012 
 
Reference Sediment 
sample 
Location Type Comment d50 d10 d90 
10
90
d
d
     m m m  
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Present study 18/10/2013 Garonne River in 
Arcins channel at 
low tide 
Silt Mean of all 
runs 
15.06 4.13 56.93 3.715 
REUNGOAT 
et al. (2014) 
7/06/2012 Garonne River in 
Arcins channel at 
low tide 
Silt Mean of 4 
samples 
12.22 3.07 48.66 3.975 
 8/06/2012 Garonne River in 
Arcins channel at 
mid ebb tide 
Silt Mean of 4 
samples 
13.24 3.63 51.29 3.75 
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Fig. 3-1 - Particle size distributions of mud samples collected in the Garonne River at Arcins on 19 
October 2013 (all runs) 
 
The rheometry tests provided some information on the relationship between shear stress and shear 
rate of the bed material, during the loading and unloading phase of small mud quantities. The 
simultaneous measurements of shear stress and shear rate showed some differences between the 
loading and unloading phases, typical of some form of material thixotropy. The magnitude of shear 
stress during the unloading phase was smaller than during the loading for a given shear rate (Fig. 3-
2). Figure 3-2 presents a typical data set. 
The rheometer data were used to estimate an apparent yield stress of the fluid c and effective 
viscosity  of the sediment material Although a complete characterization of a thixotropic material 
would require the determination of all parameters of a thixotropic model, a rapid, more approximate 
characterisation of the material was used. The apparent yield stress and effective viscosity were 
estimated by fitting the rheometry data with a Herschel-Bulkley model, during the unloading phase 
to be consistent with earlier thixotropic material experiments (ROUSSEL et al. 2004, CHANSON et 
al. 2006): 
 
m
c y
V





  (3-1) 
where  is the shear stress, V/y is the shear rate and the exponent m satisfies 0 < m  1 (HUANG 
and GARCIA 1998, WILSON and BURGESS 1998). For  < c, there is no fluid motion. For m = 1 
and c = 0, Equation (3-1) yields the Newtonian fluid behaviour. The comparison between 
experimental data and Equation (3-1) yielded some results in terms of the yield stress, effective 
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viscosity and exponent m (Table 3-2). In Table 3-2, the present data are compared with other results 
obtained with a similar characterisation of mud materials. 
Quantitatively the findings were consistent with the qualitative observations: that is, the sediment 
material was soft, with smaller yield stress and apparent viscosity than previous data in the same 
channel. On average, the apparent viscosity was 4.5 Pa.s, the yield stress was about 5.9 Pa and m ~ 
0.228 for the sediment sample collected on 19 October 2013 at low tide. Note that the present data 
were close between different samples, suggesting the repeatability of the experimental method 
(Table 3-2). It is noteworthy that the yield stress was substantially lower than in earlier studies at 
the same site. 
The apparent yield stress data may be related to the minimum boundary shear stress required to 
erode and re-suspend the sediments (OTSUBO and MURAOKO 1988, VAN KESSEL and BLOM 
1998, HOBSON 2008). The present results implied that the soft mud layer could be easily eroded, 
and would be scoured under lower bed shear stress levels than during previous field investigations 
in the Arcin channel. Further, at high suspended sediment concentrations, the Arcins channel waters 
may exhibit some non-Newtonian characteristics, and their behaviour cannot be predicted 
accurately without a rheological characterisation of the suspended sediment materials (WAN and 
WANG 1994, COUSSOT 1997,2005, BROWN and CHANSON 2012). 
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Fig. 3-2 - Rheometry data during a loading and unloading cycle - Sediment collected on 19 October 
2013 at low tide 
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Table 3-2 - Measured properties of mud samples collected in the Garonne River at Arcins - Comparison with  mud samples collected in the Garonne 
River at Arcins (France) in September 2010 and June 2012 and flood sediment sample during the January 2011 flood of the  Brisbane River 
(Australia) 
 
Ref. River Rheometer Configuration Loading Shear rate Temperature Sediment s c  m 
 system    Min. Max.  collection     
     1/s 1/s Celsius data  Pa Pa.s  
Present study Garonne MalvernTM  Cone 40 mm Continuous 0.01 1,000 25.0 19 October 1.341 6.38 3.13 0.286 
 River Kinexus Pro 4º (smooth) ramp    2013  6.21 4.76 0.278 
 at Arcins         6.17 5.00 0.271 
          6.61 5.31 0.268 
          5.48 4.28 0.278 
          4.77 4.39 0.276 
REUNGOAT Garonne MalvernTM  Cone 40 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 75.4 36.1 0.22 
et al. (2014) River Kinexus Pro 4º (smooth) ramp    8 June 2012 1.428 15.7 11.4 0.27 
 at Arcins       8 June 2012  21.5 13.1 0.28 
   Disk 20 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 271 17.5 0.40 
   (smooth) ramp    8 June 2012 1.428 74.2 2.87 0.60 
CHANSON 
et al. (2011) 
Garonne 
River at 
Arcins 
TA-ARG2 Cone 40 mm 
2º (smooth) 
Steady state 
flow steps 
0.01 1,000 20 11 Sept. 
2010 
1.41 49.7 
61.4 
44.6 
52.9 
0.28 
0.27 
BROWN and 
CHANSON 
(2012) 
Brisbane 
River in flood 
at Gardens 
Point Road 
MettlerTM 
Viscosimeter 
Cylindrical 
(0.59 mm 
between 
cylinders) 
 0 1,045 25 14 Jan. 
2011 
1.46 35.5 8.1 0.34 
 
Notes: c: apparent yield stress; : apparent effective viscosity; m: Herschel-Bulkley law exponent (Eq. (3-1)). 
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3.2 ACOUSTIC AND OPTICAL BACKSCATTER AMPLITUDE AND SUSPENDED 
SEDIMENT CONCENTRATION 
Within the experimental conditions (section 2), the relationships between backscatter amplitude of 
ADV and OBS units and suspended sediment concentrations (SSCs) were tested systematically for 
SSCs between 0 and 100 kg/m3. The sediment samples were collected at low tide on 19 and 20 
October 2013, and the experimental results are summarised in Figure 3-3. The full data sets are 
presented in Appendix E. 
The results showed similar qualitative trends for the OBS and ADV units. Namely the data 
indicated a monotonic increase in suspended sediment concentration with increasing backscatter 
amplitude for SSC less than 2 to 10 kg/m3. For larger SSCs (i.e. SSC > 10 kg/m3), the experimental 
results showed a decreasing backscatter amplitude with increasing SSC, although it was more 
significant with the OBS data. The general trends were consistent with a number of studies, 
including with cohesive sediment materials (DOWNING et al. 1995, HA et al. 2009, GUERRERO 
et al. 2011, CHANSON et al. 2011, BROWN and CHANSON 2012). 
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Fig. 3-3 - Relationship between suspended sediment concentration and backscatter amplitude for 
the sediment samples at Arcins on 19 and 20 October 2013 
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Discussion: comparison with water sample analyses 
Some sediment-laden water samples were collected at Arcins in the Garonne River on 19 October 
2013 that is, before and after the tidal bore respectively. The samples were analysed subsequently in 
laboratory (App. E). The data were very close and indicated a low suspended sediment 
concentration prior to the tidal bore, with SSC (1) about 2 kg/m3 at 16:59. After the tidal bore, the 
suspended sediment concentration was higher with SSC about 9.5 kg/m3 at 17:45, about 40 minutes 
after the bore passage. The sediment-laden water sample data analyses were compared with the 
calibration data of the ADV and OBS units. The results are presented in Figure 3-3 in which the 
SSC data are shown as functions of the measured backscatter amplitude during the field study, at 
the time of water sampling. Errors bars were added in Figure 3-3 for completeness. The results 
exhibited a good agreement between the measured SSCs and ADV and OBS backscatter readings 
for both water samples (Fig. E-6). They implied that the ADV and OBS backscatter amplitude 
outputs may be used as a surrogate of SSC with the proper selection of some calibration curve. 
The water sample data were consistent with a number of on-site observations. About 30 minutes 
prior to the bore, Dr Pierre LUBIN dived next to the sampling site to retrieve some equipment on 
the bed. He commented that the water was relatively clear and that he could see easily underwater. 
During the bore passage and early flood tide, on the other hand, the authors observed a dark brown 
flow and murky surface waters, together with intense sediment mixing next to the right bank during 
the tidal bore passage, the 'backward' bore event and the early flood tide, sediment upwelling in the 
deeper sections of the channel and sediment flocs bursting at the free-surface (App. B & E). 
Altogether the field observations indicated that the suspended sediment concentrations (SSCs) were 
very low prior the tidal bore, while much larger sediment concentration levels were observed during 
and after the passage of the tidal bore. As a result, the SSC estimates were calculated using the 
following the OBS calibration curve SSC < 6 kg/m3: 
 147.0NTU NTU0039.1235.0SSC   SSC < 6 kg/m3 (OBS)  (3-2) 
where the OBS backscatter amplitude (NTU) is in NTU, and the suspended sediment concentration 
SSC is in kg/m3. During and after the passage of the tidal bore, the SSCs were significantly larger 
and the OBS backscatter amplitude was attenuated by the heavily sediment-laden flow. The 
suspended sediment estimates were deduced from the OBS calibration data for SSC > 10 kg/m3: 
 NTU00226.0e26.59SSC   SSC > 10 kg/m3 (OBS)  (3-3) 
Equations (3-2) and (3-3) were applied to the field data set before and after the tidal bore passage 
respectively. (The results are presented and discussed in section 5.) The results were close to the 
water sample data, although the latter were collected closer to the water surface. 
                                                 
1 Calculated in terms of wet sediment mass to be consistent with the ADV and OBS calibration method. 
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4. GENERAL OBSERVATIONS 
4.1 PRESENTATION 
The tidal bore propagation was observed in the Arcins channel in the afternoons of 17, 18, 19 and 
21 October 2013, although detailed measurements were only conducted on 19 October 2013 (Fig. 4-
1). Figure 4-1 presents some photographs of the tidal bore propagation. Further photographs are 
presented in Appendix B. 
The tidal bore formed at the northern (1) end of the channel (Fig. 4-1A). The tidal bore extended 
across the entire channel width. As the bore propagated upstream, its shape evolved in response to 
the local bathymetry (Fig. 4-1B). The tidal bore was undular when it passed the sampling location 
(Fig. 4-1C). The bore front is well highlighted by the two surfers riding ahead of the first wave crest 
in Figure 4-1. Some basic tidal bore characteristics are summarised in Table 4-1. The bore 
continued to propagate up to the southern end of the channel for another few minutes and the 
surfers rode the bore front up to the channel end. At the sampling site, the bore passage was 
followed by a series of whelps lasting for a couple of minutes. The wave period was about 1 s. 
 
 
(A) Tidal bore formation at the northern end of the Arcins channel at 17:02 - Note the Airbus barge 
in the background (behind Pont François Mitterrand) travelling upstream following the tidal bore 
                                                 
1 Herein we refer to the downstream end of the Arcins channel as the northern end, and its upstream end as 
the southern end (Fig. 4-2). 
28 
 
(B) Tidal bore at 17:05:52 
  
  
(C) Tidal bore passing the pontoon- From left to right, top to bottom, 1.154 s between two 
successive photographs 
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(D) Upstream propagation of the bore at 17:06:53 (looking south) 
Fig. 4-1 - Tidal bore of the Garonne River in the Arcins channel on 19 October 2013 
 
The free-surface elevation rose very rapidly by 0.3 m in the first 10-15 seconds. For the next 60 s, 
the water elevation rose further by 1.1 m. More details on the water elevation data are presented in 
the next paragraphs. 
 
Tidal bore collision and 'backward' bore 
When the tidal bore formed in the Arcins channel, the leading edge of the flood tide also progressed 
into the main channel of the Garonne River (2). The main channel is deeper than the Arcins channel 
and the flood tide leading edge propagates faster. On 19 October 2013, the flood tide of the main 
channel entered into the Arcins channel by its southern end and formed a marked bore propagating 
northwards against the flood tide (Fig. 4-2). This phenomenon is sketched in Figure 4-2 and 
documented in Figure 4-3. Such a 'backward' bore was previously seen at the southern end of the 
Arcins channel during previous events (REUNGOAT et al. 2014), but never to the magnitude 
observed during the present study. 
As the Arcins tidal bore approached the southern end of the Arcins channel, it collided with the 
'backward' tidal bore of the main channel about 3 min. 53 s after it passed the sampling site (Fig. 4-
3). Figure 4-3 presents several photographs of the process. The tidal bore collision was experienced 
                                                 
2 A tidal bore is sometimes seen next to the left bank in front of Bègles (CHANSON 2011b). 
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first hand by the two surfers (3). When they approached the southern end of the channel, they saw 
the tidal bore of the Garonne River main channel entering the southern end of the Arcins channel 
and propagating northwards. As the two bores collided, one surfer kneeled on his board while the 
second surfer remained standing but moved closer to the right (4) bank. They described the 
experience: "The bore collision generated a very turbulent standing wave. The water level raised 
rapidly." While both surfers continue to surf the bore front southwards, their absolute speed 
dropped sharply as the standing wave formed and was almost stationary. Interestingly, 
BESTEHORN and TYVAND (2009) provided a mathematical description for the formation of such 
a standing wave, that they called "common bore", after the collision of two undular bores. The bore 
collision generated a very dark black water mixing zone, evidence of massive sediment convection 
to the free-surface (Fig. 4-3B). The surfers's description and the second author's observation 
suggested a process somehow similar to the bore crossing of the Qiantang River (Figure 1-3). 
Afterwards both surfers stopped and rejoined the right bank before heading upstream to another 
surfing spot. Overall the bore collision was an impressive phenomenon and unique experience for 
the surfers. "I never saw something like that" (F. DANEY, Pers. Comm. 21 Oct. 2013). 
After collision, the tidal bore of the Garonne River main channel continued to propagate northwards 
against the flood tide in the Arcins channel. Wave breaking was seen next to the left and right banks 
(Fig. 4-4). The celerity of this 'backward' bore was between 1.5 to 2.5 m/s, compared to the celerity 
of the Arcins channel tidal bore of 4.3 m/s at the sampling location. The northward bore reached the 
sampling station 9 min 32 s after the Arcins channel bore passed the ADV unit. It continued 
northwards, with breaking next to the left bank, up to the northern end of the Arcins channel. 
At the sampling station, the passage of the 'backward' bore was seen and felt, with a sudden flow 
deceleration, associated with a northward surface flow motion next tot the right bank and very 
strong turbulence next to the pontoon as illustrated in Figure 4-4C. 
The downstream propagation of the 'backward' bore was a new feature which was not observed 
during the field studies in September 2010 and June 2012. It is believed to be linked with the 
siltation of the Arcins channel since the earlier field studies (Fig. 2-3A). The river bed was between 
0.1 and 0.6 m higher than on 7 June 2012 and 0 to 0.1 m higher than on 11 September 2010. The 
siltation of the channel delayed the propagation of the tidal bore in the Arcins channel, since the 
bore celerity is proportional to the initial water depth: 
                                                 
3 On 19 October 2013, both surfers surfed the entire length of the Arcins channel. The surfers were very 
experienced tidal bore surfers, in addition to their coastal surfing experience. 
4 Herein the right bank of the channel is on the right when looking downstream towards the river mouth. 
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where  is a term of second order (TRICKER 1965, LIGHTHILL 1978). This delay allowed the 
tidal bore of the main Garonne River channel to enter the southern end of the Arcins channel and to 
propagate northwards as sketched in Figure 4-2. The siltation of the Arcins channel may occur like 
the cutoff of secondary channels in meandering rivers (DOEGLAS 1962, PARKER et al. 2011). 
Already the build-up of a low natural bar of hard materials was observed at the southern end of the 
Arcins channel in 2013. It is conceivable that the 2012 flood of the Garonne River scoured the main 
channel west of Arcins Island, thus reducing the ebb flow in Arcins channel during low waters. 
 
 
Fig. 4-2 - Sketch of the tidal bore of the Garonne River main channel entering the Arcins channel 
southern end and travelling against the tidal flood flow (redrawn after REUNGOAT et al. 2014) 
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(A) Upstream propagation of the Arcins channel tidal bore at 17:09:38 before bore collision - The 
bore of the Garonne River's main channel entered already the southern end of the Arcins channel 
 
(B) Tidal bore collision at 17:10:15 
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(C) Standing wave at 17:10:16 
Fig. 4-3 - Tidal bore collision next to the southern of the Arcins channel on 19 October 2013 - 
Looking south from the sampling site 
 
 
(A) Looking southwards at the left bank (Arcins Island) from the pontoon at 17:15:13 
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(B) Looking southwards at the right bank (Arcins Island) from the pontoon at 17:15:17 
 
(C) Looking northwards at the right bank immediately north of pontoon (Courtesy of Valerie 
THOUARD) 
Fig. 4-4 - Northward propagation of the 'backward' bore of the Garonne River main channel into the 
Arcins channel on 19 October 2013 
 
Longitudinal bed forms on the right bank 
In October 2013, a feature of the river channel was a series of longitudinal rills along the right bank 
at low tide for most of the length of the Arcins channel. Figure 4-5 illustrates some examples next 
35 
to the sampling station. The longitudinal forms looked like some elongated, two dimensional 
bedforms somehow similar to those reported by CARLING et al. (2009) in the Severn River's lower 
estuary, although with some key differences. These bedforms and similar ones seen elsewhere 
seemed to be on a larger scale than the ones observed at Arcins. The Severn River's raised sections 
were wider, with wider intermediary runnels and much longer runs.  
It is suggested that the formation of these bed forms was closely linked with some form of wash 
effect from the changing tide, the existence of the 'backward' bore flow and its induced turbulent 
mixing. Visual observations indicated that the elevation of the bed forms corresponded to the 
flooding induced by the 'backward' bore, while the intense turbulence during the phenomenon 
occurred above the forms (Fig. 4-4C, right). Alternatively the Arcins' longitudinal bedforms could 
be possibly drag marks induced by something and had been preserved across several tides, although 
unlikely because the longitudinal forms were seen for most of the length of the Arcins channel. At 
this stage, it cannot be conclusively stated that these were directly related to the bedforms described 
by CARLING et al. (2009) on the Severn River. For completeness, such bed forms were not seen in 
previous field studies in the Arcins channel. 
 
 
(A) Low tide on 18 October 2013 with the tidal bore in background 
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(B) On 19 October 2013 
Fig. 4-5 - Longitudinal bed forms seen above the low water mark on the right bank of the Arcins 
channel in 19 October 2013 - White arrow points to the longitudinal bed forms above the low water 
mark 
 
4.2 TIDAL BORE PROPERTIES 
4.2.1 Tidal bore celerity and Froude number 
The tidal bore front was characterised by a marked rise in free-surface elevation (Fig. 4-1). The bore 
shape may be characterised by the tidal bore Froude number Fr1 defined as: 
 
1
1
1
1
B
Ag
UVFr

  (4-2) 
where V1 is the initial flow velocity positive downstream, U is the bore celerity for an observer 
standing on the bank positive upstream, g is the gravity acceleration, A1 is the initial flow cross-
section area and B1 is the initial free-surface width (section 1.1). The Froude number was calculated 
based upon the surveyed channel cross-section and field observations yielding Fr1 = 1.27 (Table 4-
1). Such a Froude number was consistent with the undular nature of the bore (Fig. 4-1C). 
The present observations are reported in Figure 4-6 in terms of the ratio of conjugate cross-sectional 
areas A2/A1 as a function of the Froude number Fr1. The present data (star symbol) are compared 
with the momentum principle solution (Eq. (1-1)) (open circles) and previous field data (solid 
symbols). For completeness, the Bélanger equation developed for a smooth rectangular channel is 
included: 
 

  1Fr81
2
1
A
A 2
1
1
2  (4-3) 
Figure 4-6 shows a good agreement between Equation (1-1) and the field data. It highlights further 
the limitations of the Bélanger equation (Eq. (4-3)) in natural irregular channels.  
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Fig. 4-6 - Dimensionless relationship between the conjugate cross-sectional area ratio A2/A1 and 
tidal bore Froude number Fr1 - Comparison between field observations (Table 4-1), momentum 
principle solution (Eq. (1-1)) and the Bélanger equation (Eq, (4-3)) 
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Table 4-1 - Tidal bore properties in the Arcins channel (Garonne River, France) at the sampling location on 19 October 2013 - Comparison with 
cross-sectional and hydrodynamic properties of tidal bores during field measurements 
 
Reference River Date Bore Fr1 U V1 d1 A1 B1 d A B2 B B' A1/B1 B2/B1 B/B1 B'/B1 A2/A1 
   type  m/s m/s m m2 m m m2 m m m      
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) 
WOLANSKI et al. 
(2004) 
Daly River 2/07/03 Undular 1.04 4.70 0.15 1.50 289.3 129.2 0.28 36.4 130.9 130.1 129.3 2.24 1.013 1.007 1.001 1.13 
SIMPSON et al. (2004) Dee River 6/09/03 Breaking 1.79 4.1 0.15 0.72 39.3 68.3 0.45 31.4 72.8 70.4 74.1 0.58 1.066 1.030 1.085 1.80 
CHANSON et al. 
(2011) 
Garonne 
River 
10/09/10 Undular 1.30 4.49 0.33 1.77 105.7 75.4 0.50 39.4 81.6 78.5 76.7 1.40 1.083 1.042 1.018 1.37 
  11/09/10 Undular 1.20 4.20 0.30 1.81 108.8 75.8 0.46 36.0 81.6 78.2 77.5 1.43 1.076 1.032 1.021 1.33 
MOUAZE et al. (2010) Sélune 24/09/10 Breaking 2.35 2.00 0.86 0.38 5.25 34.7 0.34 27.3 116.9 80.9 66.6 0.15 3.37 2.33 1.92 6.19 
 River 25/09/10 Breaking 2.48 1.96 0.59 0.33 3.56 33.2 0.41 31.3 117.0 77.3 65.7 0.11 3.53 2.33 1.98 9.79 
FURGEROT et al. 
(2013) 
Sée River 7/05/12 Undular 1.39 3.2 0.4 0.9 14.82 21.7 0.56 12.9 23.9 23.0 22.7 0.68 1.101 1.060 1.046 1.87 
REUNGOAT et al. 
(2014) 
Garonne 
River 
7/06/12 Undular 
(very flat)
1.02 3.85 0.68 2.72 158.9 79.0 0.45 36.71 84.3 81.6 82.4 2.00 1.067 1.033 1.043 1.233 
  7/06/12 Undular 1.19 4.58 0.59 2.65 152.3 78.7 0.52 42.24 84.3 81.2 81.8 1.94 1.071 1.032 1.040 1.278 
Present study Garonne 
River 
19/10/13 Undular 1.27 4.32 0.26 2.05 85.6 65.0 0.30 19.8 67.0 65.8 65.7 1.32 1.031 1.013 1.011 1.231 
 
Notes: A1: channel cross-section area immediately prior to the bore passage; B1: free-surface width immediately prior to the bore passage; d1: water 
depth next to ADV immediately prior to the bore passage; Fr1: tidal bore Froude number (Eq. (4-1)); U: tidal bore celerity positive upstream on the 
channel centreline; V1: downstream surface velocity on the channel centreline immediately prior to the bore passage; Italic data: incomplete data. 
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4.2.2 Free-surface properties 
The water depth was recorded before, during and after the tidal bore. Figure 4-7 presents the water 
depth data for the entire study. During the end of ebb tide, the water depth decreased slowly (t < 
61,500 s). The passage of the undular bore was associated with a very rapid rise of the water 
elevation (t = 61,512 s in Fig. 4-7) and some pseudo-chaotic wave motion shortly after the front. 
Afterward during the flood flow, the water depth increased rapidly with time: i.e., nearly 2.7 m in 1 
hour. 
A key feature of undular tidal bores is the smooth front followed by a secondary wave motion seen 
in Figures 4-1C & 4-1D. Such a feature was previously documented during field experiments 
(WOLANSKI et al. 2004, CHANSON et al. 2011). The dimensionless wave steepness and wave 
length data are presented in Figure 4-8 and reported in Table 4-2. In Figure 4-8, the present data are 
compared to field and laboratory data as well as the analytical solutions of LEMOINE (1948) and 
ANDERSEN (1978), based respectively on the linear wave theory and the Boussinesq equations. 
The undular bore data indicated an increase in wave steepness aw/Lw with increasing Froude 
number up to Fr1 = 1.3 to 1.35 (Fig. 4-8B). It is believed that the maximum steepness was limited 
by the appearance of some breaking at the first wave crest. For larger Froude numbers, the data 
tended to decrease with increasing Froude number. The wave length decreased with increasing 
Froude number and the data were relatively close to a solution of the Boussinesq equation (Fig. 4-
8B). The finding was consistent with earlier laboratory studies (CHANSON 2010b, DOCHERTY 
and CHANSON 2012). The present data set showed some comparable data trends with previous 
field and laboratory observations, despite the irregular bathymetry of the natural estuaries. 
The water depth data showed an unusual feature, namely an unexpected water level drop about 11 
minutes after the front followed by a sharp rise in water elevation 3-5 minutes later (Fig. 4-7). This 
feature is seen in Figure 4-7 for t = 62,175 s, and it will be further discussed in section 5. It was 
linked with the 'backward' propagation of the tidal bore of the main Garonne River channel into the 
Arcins channel against the flood flow (Fig. 4-4). The theoretical work of BESTEHORN and 
TYVAND (2009) on colliding bores showed indeed that the arrival of a 'backward' bore must be 
associated with a sharp rise in water elevation, consistent with a rise of nearly 1 m in 200 s about t = 
62,400 s (Fig. 4-7), although about 200s after the 'backward' bore front passed the sampling site. 
Figure 4-7 includes also the surface velocity data. They were recorded using floating debris in the 
middle of the Arcins channel and carefully measured with stopwatches between two locations about 
25 m apart. The velocity observations showed the sudden flow reversal during the passage of the 
tidal bore. Further velocity data are presented in section 5. 
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Table 4-2 - Free-surface undulation properties in the Arcins channel (Garonne River, France) at the 
sampling location on 19 October 2013 - Comparison with previous field measurements 
 
Reference River Date Fr1 A1/B1 aw/Lw Lw/ 
(A1/B1) 
Tw 
       (s) 
(1) (2) (3) (4) (5) (6) (7) (8) 
WOLANSKI et al. (2004) Daly River 2/07/03 1.04 2.24 0.00093 19.89 9.48 
CHANSON et al. (2011) Garonne River 10/09/10 1.30 1.40 0.0614 3.97 1.24 
  11/09/10 1.20 1.43 0.0470 3.75 1.28 
FURGEROT et al. (2013) Sée River 7/05/12 1.39 0.68 0.0140 6.26 1.34 
Present study Garonne River 19/10/13 1.27 1.32 0.0274 2.90 0.96 
 
Notes: aw: wave amplitude of first undulation; Lw: wave length of first undulation; Tw: period of 
first undulation. 
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Fig. 4-7 - Time variations of the water depth next to ADV unit and free-surface velocity in the 
channel centre during the field experiment on 19 October 2013 
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(A, Left) Wave steepness aw/Lw    (B, Right) Wave length Lw/(A1/B1) 
Fig. 4-8 - Dimensionless wave steepness aw/Lw and wave length Lw/(A1/B1) of prototype undular 
tidal bore - Comparison with laboratory data on smooth bed (TRESKE 1994, KOCH and 
CHANSON 2008, CHANSON 2010a, DOCHERTY and CHANSON 2012, KHEZRI and 
CHANSON 2012) and rough bed (CHANSON 2010a, DOCHERTY and CHANSON 2012, 
KHEZRI and CHANSON 2012), linear wave theory (LEMOINE 1948) and Boussinesq equations 
(ANDERSEN 1978) - Same legend for both graphs 
 
4.3 WATER TEMPERATURE AND SALINITY 
The time-variations of water temperature and salinity data are presented in Figure 4-9. Both CTD 
data and manual readings are shown and compared with the water depth data. The water 
temperature varied from 18.7 C to 17.9 C in the afternoon of 19 October 2013: that is, within less 
than 1 C. The water conductivity ranged from 25 to 31 mS/cm (5), although each sensor data varied 
within only 2 mS/cm. The conductivity levels corresponded mostly to brackish waters and were 
larger than the observations at the sampling site on 7 June 2012 by REUNGOAT et al. (2014) after 
a major flood. The pH data (not shown) ranged from 7.6 down to 7 with a monotonic decrease in 
pH during the afternoon. 
Importantly the present observations did not show any evidence of saline front, temperature front or 
                                                 
5 The conductivity of sea water ranges from 54 to 56 mS/cm. 
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pH front in the Arcins channel on 19 October 2013. 
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Fig. 4-9 - Time variations of the water temperature (C) and salinity (kg/m3) on 19 October 2013 - 
Comparison with water depth data 
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5. VELOCITY, TURBULENCE AND SEDIMENT FLUX 
5.1 VELOCITY MEASUREMENTS 
The instantaneous velocity components were measured prior to, during and after the tidal bore. The 
entire data set is reported in Figure 5-1, and Figure 5-2 shows the data about the time of passage of 
the bore front, with the longitudinal velocity component Vx positive downstream towards Bordeaux, 
the transverse velocity component Vy positive towards the Arcins Island (1), and the vertical 
velocity component Vz positive upwards. The time-variations of the water depth are included as 
well as the surface velocity data recorded using floating debris and stop watches on the channel 
centreline (Fig. 5-1). Further velocity measurement details are discussed in Appendix F. 
During the end of ebb tide, the current velocity dropped from +0.6 m/s down to +0.1 m/s, 
immediately prior to the bore. The surface and ADV velocity data were very close. The tidal bore 
passage (t = 61,518 s) induced a marked effect on the velocity field (Fig. 5-1). The main current 
reversed its direction almost immediately and the mean longitudinal velocity ranged typically 
between -0.8 and -1.2 m/s after the bore passage at the ADV sampling location. For comparison, the 
surface velocity ranged between -2.6 to -1.2 m/s on the channel centreline during the same period 
after the tidal bore. The ADV sampling volume was located about 3 m from the right bank slope at 
low tide, and the slower ADV velocity data might reflect the effect of river bank boundary 
proximity. Interestingly, the mean flow direction changed by 159, rather than 180 (2). This might 
be linked with the channel bathymetry at low tide. 
During the passage of the bore front at t = 61,518 s, the maximum longitudinal flow deceleration 
was -0.18 m/s2, or -0.02×g where g is the gravity acceleration. The tidal bore passage was 
characterised by some large fluctuations of all three velocity components. The longitudinal velocity 
component fluctuated between -0.6 to -1.35 m/s after the passage of the bore, where the negative 
sign reflected the upriver flow direction. After the bore passage, the transverse velocities ranged 
from -0.2 to +0.35 m/s, while the vertical velocity data fluctuated between -0.3 and +0.1 m/s. On 
average the vertical velocity was about -0.19 m/s after the bore. Such a negative mean vertical 
velocity was also observed in June 2012 (-0.08 m/s) and in September 2010 (-0.28 m/s) at the same 
site. 
Figure 5-2 details the instantaneous velocity data during and shortly after the tidal bore passage. 
The graph highlights the large velocity fluctuations about a mean trend for all three velocity 
                                                 
1 That is, towards the Arcins channel's left bank. 
2 In the present study, the data were presented in such a manner than the mean transverse velocity was zero 
during the flood tide sampling period on average. 
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components after the bore. Further the vertical velocity data showed some oscillations with period 
about 1 to 1.5 s (61,520 < t < 61,555 s, Fig. 5-2). It is believed that these oscillations were closely 
linked with the free-surface undulations, or whelps, seen behind the bore front (Fig. 4-1, also App. 
B) and their induced vertical motion. The irrotational flow theory predicts a redistribution of both 
longitudinal and vertical velocities beneath undulations between wave crests and troughs, with the 
same periodicity as the free-surface elevation but out of phase (ROUSE 1938, MONTES and 
CHANSON 1998). This pattern would be consistent with the present observations and it was 
previously documented experimentally in laboratory tidal bores (KOCH and CHANSON 2008, 
CHANSON 2010a, DOCHERTY and CHANSON 2012). 
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(A) Water depth, longitudinal velocity component Vx and surface velocity on the channel centreline 
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(B) Transverse velocity component Vy and vertical velocity component Vz 
Fig. 5-1 - Time variations of instantaneous velocity components and water depth in the Arcins 
channel on 19 October 2013 - Post-processed ADV data, sampling rate: 200 Hz 
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Fig. 5-2 - Time variations of instantaneous velocity components and (video) water depth during the 
passage of the tidal bore on 19 October 2013 - Post-processed ADV data, sampling rate: 50 Hz 
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Discussion 
The turbulent properties were estimated both before and after the tidal bore passage. Some basic 
turbulence characteristics are summarised in Tables 5-1 and 5-2. The results showed that, although 
the velocity fluctuations were larger after the bore, the dimensionless turbulent fluctuations 
xx V/'v , xy V/'v  and xz V/'v  were comparable before and after the bore passage, where vx', vy' and 
vz' are the standard deviations of the longitudinal, transverse and vertical velocity components 
respectively, and xV  is the amplitude of the mean longitudinal velocity component. The horizontal 
turbulence ratio vy'/vx' was equal to 0.7-0.8 before and after the bore (Table 5-1), with values 
comparable to laboratory observations in straight prismatic rectangular channels (vy'/vx' = 0.5-0.7) 
as reported in NEZU and NAKAGAWA (1993). The vertical turbulence ratio vz'/vx' was about 0.4-
0.5 (Table 5-1): that is, values similar to the observations of SHIONO and WEST (1987), 
KAWANISI and YOKOSI (1994) and TREVETHAN et al. (2008) in estuaries, and of NEZU and 
NAKAGAWA (1993) and XIE (1998) in laboratory open channels. Note that vz'/vx' was 
approximately two-thirds of the horizontal turbulence intensity vy'/vx', implying some turbulence 
anisotropy. 
The integral turbulent time scales were calculated before and after the tidal bore. The integral time 
scale of a velocity component is a measure of the longest connection in the turbulent behaviour of 
that velocity component. Herein the integral time scale was integrated up to the first crossing of the 
auto-correlation function: 
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where  is the time lag and Rxx is the normalised auto-correlation function. The experimental results 
showed some differences between before and after the bore passage (Table 5-2). Namely the 
integral time scale of the longitudinal velocity component was on average 10 times larger after the 
bore passage than that before the bore passage. REUNGOAT et al. (2014) reported a similar finding 
which may reflect the production of large eddies by the bore front and their upstream advection 
behind the tidal bore, as suggested by some numerical modelling (FURUYAMA and CHANSON 
2010, LUBIN et al. 2010, KHEZRI 2014, SIMON 2014). On the other hand, the integral times 
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scales in terms of the transverse and vertical velocities were of the same order of magnitude before 
and after the bore (Table 5-2). 
About 570 s after the passage of the tidal bore, the northward 'backward' bore of the main Garonne 
River channel reached the ADV unit. Its effect was felt with a drop in water elevation as well as a 
slower upstream flow motion. This is illustrated in Figure 5-2. Interestingly such a flow 
deceleration, similar to that experienced during the passage of the 'backward' bore, may be 
predicted theoretically in the case of colliding bores (BESTEHORN and TYVAND 2009), once the 
smaller bore continue downstream (M. BESTEHORN, Pers. Comm. 5 De. 2013). 
Large fluctuations of all velocity components were recorded during the 'backward' bore event 
(62,100 < t < 62,300 s, Fig. 5-1 & Table 5-1). The northward propagation of the 'backward' bore 
induced some intense turbulent mixing, in addition to the strong surface mixing observed visually 
next to the right and left banks. 
 
Table 5-1 - Turbulence properties before and after the tidal bore on 19 October 2013 
 
Description Time since 
00:00 on 
19/10/13 
xV  
x
x
V
'v  
x
y
V
'v
 
x
z
V
'v  
'v
'v
x
y  
'v
'v
x
z  
 (s) (m/s)      
(1) (2) (3) (4) (5) (6) (7) (8) 
Before tidal bore 61,292-61,492 +0.109 0.242 0.195 0.120 0.806 0.495 
Immediately prior to tidal bore 61,492-61,512 +0.100 0.191 0.149 0.091 0.779 0.475 
Immediately after tidal bore 61,522-61,542 -0.823 0.089 0.064 0.040 0.723 0.446 
About passage of 'backward' bore 62,090-62,290 -0.869 0.157 0.112 0.074 0.712 0.472 
Flood tide (end of study) 65,600-65,800 -1.162 0.066 0.042 0.025 0.639 0.384 
 
Note: Vx: longitudinal velocity positive downstream. 
 
Table 5-2 - Integral turbulent time scales before and after the tidal bore on 19 October 2013 
 
Description Time since 
00:00 on 
19/10/13 
xV  TVx TVy TVz 
 (s) (m/s) (s) (s) (s) 
(1) (2) (3) (4) (5) (6) 
Before tidal bore 61,292-61,492 +0.109 0.973 0.384 0.375 
About passage of 'backward' bore 62,090-62,290 -0.869 9.436 4.336 0.872 
Flood tide (end of study) 65,600-65,800 -1.162 10.38 0.468 0.840 
 
Note: Vx: longitudinal velocity positive downstream. 
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5.2 TURBULENT REYNOLDS STRESSES 
A turbulent Reynolds stress is proportional to the product of two velocity fluctuations, where the 
turbulent velocity fluctuation v is the deviation of the instantaneous velocity V from an average V : 
v = V - V . In an unsteady rapidly-varied flow, V  may be the low-pass filtered velocity 
component, or variable interval time average VITA (PIQUET 1999, CHANSON and DOCHERTY 
2012). The low-pass filtering was based upon a cut-off frequency Fcutoff which was derived herein 
based upon a sensitivity analysis conducted between an upper limit of the filtered signal (herein 100 
Hz, the Nyquist frequency) and a lower limit corresponding to a period of about 0.96 s of the bore 
undulations. The results yielded an optimum threshold of Fcutoff = 2 Hz, and the filtering was applied 
to all velocity components (App. G). The turbulent Reynolds stresses were calculated from the 
high-pass filtered signals. 
The results in terms of normal and tangential Reynolds stress components are presented in Figure 5-
3, and the full data set is presented in Appendix G together with a statistical summary. The field 
observations showed large turbulent shear stresses and large and rapid fluctuations in shear stresses 
during and after the tidal bore, for all Reynolds stress tensor components. The data highlighted in 
particular the large magnitudes of shear stresses about the time of passage of the 'backward' bore 
(Fig. 5-3). Overall the measurements indicated that the turbulent shear stresses were significantly 
larger after the tidal bore passage. For example, the mean normal turbulent stresses were 4 to 16 
times larger after the tidal bore passage than before, and the standard deviations of all stress 
components were 2 to 10 times larger after the tidal bore passage; the maximum instantaneous 
Reynolds shear stresses were 2 to 3 times larger after the tidal bore. 
For the present data set, maximum instantaneous shear stress amplitudes of up to 94 Pa were 
recorded during the tidal bore event. The data showed that the bore has the potential to scour the 
natural bed. Indeed, for cohesive sediments, the material yield stress c is related to the minimum 
boundary shear stress required to erode and re-suspend cohesive sediments (OTSUBO and 
MURAOKO 1988, VAN KESSEL and BLOM 1998). Herein c was about 5.9 Pa (section 3.1). 
Similarly the Shields diagram predicts a critical shear stress for non-cohesive sediment motion 
onset of about (o)c = 0.1 to 0.5 Pa for fine sand particles with sizes between 0.1 and 1 mm 
(JULIEN 1995). The measured Reynolds stress levels were up to one order of magnitude larger than 
the cohesive bed yield stress and two orders of magnitude larger than the critical threshold for fine 
sand sediment transport. The measurements indicated that the tidal bore most likely scoured the 
channel bed and advected into suspension the bed material and 'washload' upstream, behind the bore 
front during the early flood tide. The process applied to a significant length of the estuarine section 
of the Garonne River and would mobilise an enormous amount of sediments. 
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(A) ×vx2 and ×vx×vy 
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(B) ×vy2 and ×vy×vz 
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(C) ×vz2 and ×vx×vz 
Fig. 5-3 - Time-variations of Reynolds stresses and water depth during the tidal bore passage on 19 
October 2013 - Post-processed ADV data, sampling rate: 200 Hz 
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Discussion 
The field measurements demonstrated the intense turbulent mixing and large turbulent stresses 
during the tidal bore, as well as during the 'backward' bore event. Note that the calculations of the 
Reynolds stresses yielded some high level of normal stress ×vx2 (Fig. 5-3). All calculations were 
double-checked and a similar observation was reported by REUNGOAT et al. (2014). No physical 
explanation is available at this time. 
 
5.3 SUSPENDED SEDIMENT PROCESSES 
The time-variations of the suspended sediment concentration (SSC) were deduced from the OBS 
data and are presented in Figure 5-4. The water depth data are shown also in Figure 5-4 as well as 
the sediment concentrations of water samples tested in laboratory (Fig. 5-4). 
The complete data set showed some low SSC, 2.6 kg/m3 on average, at the end of the ebb tide and 
the findings were close to the laboratory data (SSC =2.12 kg/m3) (Fig. 5-4). The passage of the tidal 
bore was associated with large fluctuations of the SSC estimates. The 'backward' bore event induced 
even larger SSCs and SSC fluctuations (Fig. 5-4). The finding was consistent with both the visual 
observations and the turbulent Reynolds stress data set (Fig. 5-3). Later during the flood tide, the 
SSC tended to 13-15 kg/m3 on average, about 45 minutes after the bore passage. 
The data set highlighted the drastic impact of the 'backward' bore, not previously observed in earlier 
field studies. The SSC data further differed from previous results, but it must be stressed that a 
different instrument was used. For example, the present data were median data calculated over 5 s. 
The velocity and SSC data were used to calculate the instantaneous suspended sediment flux per 
unit area qs defined as: 
 xs VSSCq   (5-1) 
where qs and Vx are positive in the downstream direction, SSC is in kg/m3, and the sediment flux 
per unit area qs is in kg/m2/s. The suspended sediment concentration (SSC) was estimated from the 
median OBS data and the longitudinal velocity was averaged over 5 s. The results are presented in 
Figure 5-5 in terms of the sediment flux qs. The sediment flux data indicated a downstream positive 
mass flux during the end of ebb tide (Fig. 5-5). On average, the suspended sediment flux per unit 
area was 0.5 kg/m2/s prior to the tidal bore. The tidal bore passage was characterised by a sudden 
flow reversal and the suspended sediment flux was negative during the flood tide. The sediment 
flux data qs showed some large fluctuations. Shortly after the bore passage and during the 
'backward' bore event, the sediment flux per unit reached very large mean negative values up to -73 
kg/m2/s (Fig. 5-5). Later, about 45 minutes after the tidal bore, the sediment flux was about -15 
kg/m2/s on average. 
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Fig. 5-4 - Time variations of suspended sediment concentration (SSC) estimate on 19 October 2014 
- Median data for 5 s at 25 Hz, returned every 10 s 
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Fig. 5-5 - Time variations of the mean suspended sediment flux per unit area (qs = SSC×Vx) and 
water depth on 19 October 2013 - Median OBS data for 5 s and ADV data averaged over 5 s, 
returned every 10 s 
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Fig. 5-6 - Net sediment mass transfer per unit area SSC×Vx×dt since the start of OBS 
measurements on 19 October 2013 
 
The sediment flux data were integrated with respect to time to yield the net sediment mass transfer 
per unit area during a given period. The results are shown in Figure 5-6 showing the net mass 
transfer per unit area since the start of the OBS sampling. Prior the tidal bore (60,800 < t < 61,511 
s), the net sediment mass transfer per unit area was +742 kg/m2 for 12 minutes of data. Immediately 
following the tidal bore passage, the net sediment mass transfer equalled -39,970 kg/m2 for 17 
minutes (61,535 < t < 62,574 s). Towards the end of the study, the net sediment mass transfer 
equalled -32,000 kg/m2 for 36 minutes (63,378 < t < 65,530 s). During the passage of the tidal bore 
and 'backward' bore event, the net sediment flux amplitude was about 38 times larger in magnitude 
than prior to the tidal bore, and 2.5 times larger than later during the flood tide. 
 
Discussion 
The field data highlighted some significant suspended sediment load during the tidal bore event, 
including during the 'backward' bore event. Figure 5-7 regroups the results by showing the average 
suspended sediment flux per unit area a function of the mean suspended sediment concentration 
after the tidal bore for the present study. Two data points are shown for the distinctively different 
periods: (a) during the tidal bore event, and (b) after the 'backward' bore. The present data were 
compared with physical data recorded in rivers during floods and in estuaries (Fig. 5-7). Figure 5-7 
includes suspended sediment load data in the Garonne River tidal bore in 2010 and 2012, and in 
major river systems during floods including the Amazon, Mississippi, Nile, Brisbane and Yellow 
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River. The comparison between the present findings and earlier data in the Arcins channel 
(CHANSON et al. 2011, REUNGOAT et al. 2014) must be considered with care, because of the 
difference in instrumentation and type of data (instantaneous vs average). 
Altogether the comparative analysis highlighted the large suspended sediment fluxes per unit area 
and SSCs observed in the Garonne River tidal bore. While larger values were measured in extreme 
hyperconcentrated flows, the present results showed higher suspended sediment concentrations and 
fluxes than in most rivers in flood. The high suspended sediment concentration data combined with 
the rheology data (section 3) implied that the flood flow was likely non-Newtonian. 
A number of studies highlighted that the tidal bore passage was linked with some intense sediment 
mixing and upstream advection of suspended matters (CHEN et al. 1990, TESSIER and 
TERWINDT 1994, GREB and ARCHER 2007, CHANSON et al. 2011, FURGEROT et al. 2013, 
REUNGOAT et al. 2014). The present data set supported the same trend (Fig. 5-6 and 5-7), and 
they showed further the drastic impact of tidal collision in terms of sediment processes. 
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Fig. 5-7 - Mean suspended sediment flux per unit area qs (kg.s-1.m-2) as function of the mean 
suspended sediment concentration SSC after the tidal bore - Comparison between present data 
(Garonne 2013), the 2010 and 2012 observations (Garonne 2010-2012) and observations of major 
rivers in flood (after REUNGOAT et al. 2014) 
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6. CONCLUSION 
A detailed field study was conducted in the Garonne River at Arcins (France) to characterise the 
turbulent mixing and sedimentary processes during the tidal bore. Key features of the investigation 
included the fine temporal resolution with a 200 Hz velocity sampling rate, the complementary 
nature of the instruments (ADV, OBS, CTD) and a comprehensive characterisation of the sediment 
properties including granulometry and rheology. The sediment samples were predominantly silty 
material with a median particle size about 25 m and they exhibited a non-Newtonian behaviour 
under rheological testing. 
The tidal bore was undular in the Arcins channel and its Froude number was Fr1 = 1.27 on 19 
October 2013. The undular bore front was followed by some well-defined whelps with wave period 
about 1 s. A most unusual feature was the collision between the Arcins channel tidal bore and the 
bore of Garonne River's main channel. The bore collision occurred close to the southern end of the 
Arcins channel about 800 m from the sampling site. It was well-documented by two surfers and a 
number of photographs. The collision of the two tidal bores generated a transient standing wave 
with a dark blackwater mixing zone. The Garonne River's main channel bore propagated 'backward' 
up to the northern end of the Arcins channel with some breaking next to the river bank. Its effects 
were felt at the sampling site with a temporary lowering of the water surface and flow deceleration. 
The instantaneous velocity data indicated large and rapid fluctuations of all velocity components. 
Large Reynolds shear stresses were observed during and after the tidal bore, including during the 
'backward' bore propagation. The amplitude of the instantaneous turbulent shear stresses was one to 
two orders of magnitude larger than the critical stress for sediment motion onset. Large SSC 
estimates were recorded in the tidal bore and flood tide. During the tidal bore passage, the 
'backward' bore event, and the early flood tide, the suspended sediment flux data showed some 
substantial sediment suspension amplitudes consistent with the murky appearance of flood tide 
waters. 
The collision of tidal bores in the Arcins channel was a most unusual occurrence. It is proposed that 
this phenomenon was caused by the relatively recent siltation of the Arcins channel, delaying the 
propagation of the tidal bore in the silted channel and allowing the main channel bore to enter and 
develop at the southern end of the Arcins channel. All the quantitative data, sampled at 800 m north 
of the collision site, indicated a massive impact of the bore collision on the entire Arcins channel 
system. 
55 
7. ACKNOWLEDGEMENTS 
The authors thank Dr Frédérique LARRARTE (IFSTTAR Nantes, France) and Professor Michael 
BESTEHORN (Brandenburg University of Technology, Germany) for their detailed review of the 
report and valuable comments. They acknowledge the helpful inputs of Professor Dan PARSONS 
(University of Hull, UK). 
The authors acknowledge the assistance of Patrice BENGHIATI and the permission to access and 
use the pontoon in the Bras d'Arcins. They thank all the people who participated to the field works 
(Appendix A), and without whom the study could not have been conducted. They also thank 
Frédéric DANEY (Bordeaux, France), and Daniel LEBLANC (Moncton, Canada) for a number of 
useful discussions and information. They further thank a number of scholars for their input and 
advice, including Dr PAN Dongzi (Zheijang Institute of Hydraulics and Estuary, China), Professor 
Michael BESTEHORN (Brandenburg University of Technology, Germany), Dr Jean CUNGE 
(France), and Professor John FENTON (TU Wien, Austria). 
The authors acknowledge the financial assistance of the Agence Nationale de la Recherche (Projet 
Mascaret), and they thank the project leader Dr Pierre LUBIN (University of Bordeaux, France) for 
his generous support and personal contribution to the field works. 
 
A-1 
APPENDIX A - LIST OF FIELD WORK PARTICIPANTS (FIELD STUDY 
G13, 19 OCTOBER 2013) 
 
FRIDAY 18 OCTOBER 2013 
David REUNGOAT 
Hubert CHANSON 
Claire KEEVIL 
Pierre LUBIN 
TingTing VOGT WU 
Stéphanie BONTEMPS 
Amine ben ABDELWAHED  
 
SATURDAY19 OCTOBER 2013 
David REUNGOAT 
Hubert CHANSON 
Claire KEEVIL 
Pierre LUBIN 
Valérie THOUARD 
TingTing VOGT WU 
Gilles VOGT 
Antoine LEMOINE  
Florent GIRARD 
Ludovic OSMAR 
Ludwig MOUNSAMY 
Bruno SIMON 
 
SUNDAY 20 OCTOBER 2013 
David REUNGOAT 
Hubert CHANSON 
Claire KEEVIL 
Pierre LUBIN 
 
Stéphane VINCENT who provided the kayak. 
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(A, Left) From left to right: Antoine LEMOINE, Ludwig MOUNSAMY, TingTing VOGT WU, 
Ludovic OSMAR, Florent GIRARD (Photograph by Valérie THOUARD) 
(B, Right) Pierre LUBIN (Left) and Claire KEEVIL (Right) (Photograph by Valérie THOUARD) 
 
(C) From left to right, Ludovic OSMAR, Ludwig MOUNSAMY, Bruno SIMON, Hubert 
CHANSON (holding the ADV unit) and David REUNGOAT (Photograph by Valérie THOUARD) 
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(D) From left to right: David REUNGOAT and Pierre LUBIN in the water, Stéphanie 
BONTEMPS, Claire KEEVIL, TingTing VOGT WU and Amine ben ABDELWAHED on 18 
October 2013 
 
(E) Florent GIRARD and Antoine LEMOINE (Photograph by Ludovic OSMAR) 
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(F) From left to right: Gilles VOGT, Claire KEEVIL, Hubert CHANSON, Pierre LUBIN 
(Photograph by Valérie THOUARD) 
 
(G) Valérie THOUARD 
Fig. A-1 - Photographs of the participants 
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APPENDIX B - PHOTOGRAPHS OF THE FIELD STUDY G13 (19 OCTOBER 
2013) 
 
 
(A) Looking downstream on 19 October 2013 at 11:47 
 
(B) Looking at the pontoon on 7 June 2012 at 11:47 
B-2 
 
(C) Looking upstream on 19 October 2013 at 11:47 
Fig. B-1 - Sampling site on the Garonne River between Arcins Island and Latresne 
 
 
(A) Undular tidal bore formation in the Arcins channel at 17:02 - Note the Airbus barge in the 
background travelling upstream following the tidal bore 
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(B) Tidal bore at 17:05 
 
(C) Tidal bore at 17:05 
B-4 
 
(D) Tidal bore at 17:05:39 
 
(D) Tidal bore at 17:05:52 
B-5 
  
  
  
  
(E) Tidal bore passing the pontoon- From left to right, top to bottom, 1.154 s between two 
successive photographs 
Fig. B-2 - Tidal bore in Arcins channel on 19 October 2012 afternoon - Note the two surfers 
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Fig. B-3 - Whelps of the undular tidal bore in Arcins channel on 19 October 2012 afternoon at 
17:07 
 
 
(A) Upstream propagation of the bore at 17:06:31 
B-7 
 
(B) Upstream propagation of the bore at 17:06:53 
 
(C) Upstream propagation of the bore at 17:07:19 
B-8 
 
(D) Upstream propagation of the Arcins channel tidal bore at 17:09:38 before bore collision - The 
bore of the Garonne River's main channel is entering the southern end of the Arcins channel (Black 
arrow) 
Fig. B-4 - Upstream propagation of the Arcins channel tidal bore on 19 October 2013 
 
 
(A) At 17:10:08 
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(B) Tidal bore collision at 17:10:15 
 
(C) At 17:10:16 
Fig. B-5 - Tidal bore collision at the southern end of the Arcins channel tidal bore on 19 October 
2013 - The surfers were travelling southwards 
 
 
(A) Looking at the left bank (Arcins Island) from the pontoon at 17:14:58 
B-10 
 
(B) Looking at the left bank (Arcins Island) from the pontoon at 17:15:13 
 
(C) Looking at the right bank (Arcins Island) from the pontoon at 17:15:17 
B-11 
  
(D) Next to the right bank immediately south of pontoon (Left) looking upstream and north of 
pontoon (Right) looking downstream (Courtesy of Valerie THOUARD) 
Fig. B-6 - Northward (downstream) propagation of Garonne River main channel bore into the 
Arcins channel tidal bore on 19 October 2013 
 
 
Fig. B-7 - Large debris in the Arcins channel after tidal bore on 19 October 2013 at 17:30 (Courtesy 
of Valerie THOUARD) - Tip of a submerged tree passing about 6 m from the pontoon, flood tide 
direction from bottom right to top left 
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Fig. B-8 - Sediment flocs bursting at the free-surface immediately north of the pontoon about 
18:13-18:17 - Looking downstream (North) from above the ADV system 
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APPENDIX C - GRANULOMETRY OF ARCINS CHANNEL SEDIMENT 
SAMPLES (GARONNE RIVER) 
C.1 PRESENTATION 
Some Garonne River bed materials were collected at low tide on 18, 19 and 20 October 2013 
afternoon, next to the right bank at Arcins. The soil samples consisted of soft materials, fine mud 
and silt materials, collected on the stream bed just above the water surface mark (Fig. C-1). The soil 
sample granulometry was measured with a MalvernTM laser Mastersizer 2000 with Hydro 3000SM 
dispersion unit for wet samples. The sediment sample was mixed mechanically, since the data of 
REUNGOAT et al. (2012,2014) showed little difference between mechanical and ultrasound 
mixing for durations ranging from 10 to 30 minutes. The granulometry was performed fifteen times 
with six different data analyses. The differences between all the runs were negligible. 
 
 
Fig. C-1 - Collection of sediment samples on 19 October 2013 at 17:00 - Arrow points to sediment 
collection location 
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C.2 GRANULOMETRY DATA 
 
Table C-1 - Volume fraction of sediment particle sizes in percentage 
 
Size (microns) Volume fraction  
Sediment: 19/10/2013 19/10/2013 19/10/2013 19/10/2013 
Mixer: Mechanical Mechanical Mechanical Mechanical 
Analysis 
technique: 
mono-modal multi-modal 
(spherical) 
standard standard 
(spherical) 
Nb runs: 6 3 3 3 
0.138 0 0 0 0.17 
0.158 0 0 0 0.51 
0.209 0 0 0 0.59 
0.275 0 0 0 0.58 
0.316 0 0 0 0.45 
0.363 0 0 0 0.31 
0.417 0 0 0 0.21 
0.479 0 0 0 0.16 
0.550 0 0 0.09 0.17 
0.631 0 0 0.17 0.19 
0.724 0 0 0.25 0.22 
0.832 0 0 0.30 0.22 
0.955 0.06 0 0.32 0.21 
1.096 0.17 0 0.33 0.20 
1.259 0.30 0.13 0.32 0.22 
1.445 0.37 0.73 0.32 0.27 
1.660 0.40 0.68 0.32 0.33 
1.905 0.40 0.40 0.36 0.40 
2.188 0.42 0.47 0.44 0.50 
2.512 0.51 0.57 0.57 0.63 
2.884 0.69 0.81 0.77 0.81 
3.311 0.97 1.11 1.03 1.06 
3.802 1.34 1.51 1.36 1.38 
4.365 1.76 1.97 1.75 1.77 
5.012 2.18 2.43 2.20 2.21 
5.754 2.60 2.87 2.69 2.69 
6.61 3.02 3.31 3.19 3.18 
7.59 3.52 3.79 3.69 3.66 
8.71 4.09 4.32 4.15 4.09 
10.00 4.70 4.84 4.55 4.46 
11.48 5.21 5.22 4.87 4.74 
13.18 5.51 5.37 5.09 4.93 
15.14 5.59 5.30 5.21 5.02 
17.38 5.52 5.14 5.23 5.03 
19.95 5.40 5.01 5.17 4.96 
22.91 5.26 4.93 5.04 4.84 
C-3 
26.30 5.09 4.85 4.85 4.66 
30.20 4.86 4.72 4.61 4.44 
34.67 4.58 4.53 4.33 4.18 
39.81 4.22 4.23 4.01 3.88 
45.71 3.79 3.83 3.66 3.55 
52.48 3.34 3.36 3.29 3.19 
60.26 2.95 2.93 2.90 2.82 
69.18 2.54 2.49 2.51 2.44 
79.43 2.03 1.99 2.13 2.06 
91.20 1.50 1.50 1.76 1.70 
104.7 1.19 1.21 1.41 1.36 
120.2 1.16 1.18 1.10 1.05 
138.0 1.11 1.10 0.81 0.76 
158.5 0.76 0.73 0.57 0.52 
182.0 0.26 0.21 0.37 0.31 
208.9 0.05 0.02 0.23 0.17 
275.4 0.12 0.05 0.15 0.10 
316.1 0.28 0.11 0.14 0.09 
416.9 0.19 0.05 0.17 0.13 
478.6 0.01 0 0.24 0.21 
549.5 0 0 0.30 0.29 
631.0 0 0 0.31 0.32 
724.4 0 0 0.29 0.30 
831.8 0 0 0.06 0.07 
 
Notes: Averaged data; Volume fraction of sediment particle sizes in percentage: that is, 0.012 
equals 1.2%; The first column indicates the lower sediment size boundary; for example, the row 
0.417 lists the fraction of particles between 0.417 and 0.479 microns. 
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(A) Probability distribution functions of the averaged data 
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(B) Cumulative probability distribution functions of the averaged data 
Fig. C-2 - Granulometry data for sediment samples collected in the Arcins channel, Garonne River 
on 19 October 2013 
 
C.3 DISCUSSION 
The bed sediment material was characterised by a series of laboratory experiments. The relative 
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density of the wet sediment samples was s = 1.341 and 1.41, with the readings obtained 
independently at the University of Bordeaux on 20 October 2013 and at the University of Hull in 
November 2013 respectively. The dry sediment density was checked by drying some samples and 
the results yielded a relative sediment density close to 2.65. For such a relative sediment density, 
the wet sediment density data corresponded to a sample porosity of 0.79 and 0.75 respectively. 
The particle size distribution data (Table C-1, Fig. C-2) presented close results for all analysis 
methods. The median particle size was in the silt size range with an approximate diameter of 15 m 
(GRAF 1971, JULIEN 1995). The sorting coefficient 1090 d/d  was 3.71 on average. The bed 
material was a cohesive mud mixture (Fig. C-2). The results may be compared with some sediment 
materials collected earlier in the Garonne River (Table C-2). The data were close to data obtained at 
the same site in June 2012 in terms of the median grain size and sorting coefficient (Table C-2). 
Further comparisons with suspended sediment particle size data are shown in Table C-2. 
 
Table C-2 - Characteristics of sediment samples collected in the Arcins channel, Garonne River on 
19 October 2013 - Comparison with sediment samples collected in the Garonne River at Arcins in 
June 2012 (REUNGOAT et al. 2012,2014) and at other sites. 
 
Reference Sediment 
sample 
Location Type Mixing d50 d10 d90 
10
90
d
d
     m m m  
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Present study 18/10/2013 Garonne River in 
Arcins channel at 
low tide 
Silt Mechanical 15.06 4.13 56.93 3.715 
REUNGOAT 7/06/2012 Garonne River Silt Mech (10min) 11.86 3.06 50.80 4.07 
et al. (2012, 2014)  at Arcins channel  Mech (20min) 11.11 2.93 42.19 3.79 
  (low tide)  Mech (30min) 12.23 3.10 49.74 4.01 
    Ultras (18 min) 13.68 3.19 51.91 4.03 
 8/06/2012 Garonne River Silt Mech (10min) 13.06 3.75 51.53 3.71 
  at Arcins channel  Mech (20min) 11.05 3.47 38.51 3.33 
  (mid ebb tide)  Mech (30min) 13.08 3.74 52.15 3.73 
    Ultras (14 min) 15.76 3.56 62.97 4.21 
EISMA et al. 
(1991) 
Oct. 1981 Garonne River at 
Langoiran (1) 
-- -- 2-4 2 ~16 2.8 
 Oct. 1981 Garonne River at 
Pont Neuf (2) 
-- -- 8 1-2 16-32 -- 
 Jan. 1984 Garonne River at 
Pont Neuf (2) 
-- -- 4-8 < 1 16-32 -- 
 
Notes: (1): upstream of Arcins Island; (2): downstream of Arcins Island; Mech: mechanical mixing; 
Ultras: ultrasound mixing. 
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APPENDIX D - RHEOMETRY OF ARCINS CHANNEL SEDIMENT 
SAMPLES (GARONNE RIVER) 
D.1 PRESENTATION 
Some Garonne River sediments were collected on 19 October 2013 afternoon at low tide next to the 
right bank at Arcins. The rheological properties of mud samples were tested six times successively 
(Table D-1) using a rheometer MalvernTM Kinexus Pro (Serial MAL1031375) equipped with a 
plane-cone ( = 40 mm, cone angle: 4°). The gap truncation was 150 m, such that it to be 10 
times the mean particle size. The tests were performed under controlled strain rate at constant 
temperature (25 C). Between the sample collection and the tests, the mud was left to consolidate for 
4 days. Prior to each rheological test, a small mud sample was placed carefully between the plate 
and cone (Fig. D-1). Each specimen was then subjected to a controlled strain rate loading and 
unloading between 0.01 s-1 and 1,000 s-1 with a continuous ramp. 
Note that the rheometry tests were performed with a smooth fixed disk and a new soil sample was 
used for each test. The tests were conducted shortly after the field study to prevent the deterioration 
of sediment materials. 
 
Table D-1 - Rheometry tests with Garonne River estuarine sediment sample 
 
Rheometer Configuration Loading Shear rate Temperature Sediment 
   Min. Max.  collection 
   1/s 1/s C dates 
Malvern Kinexus 
Pro (Serial 
MAL1031375) 
Cone 40 mm 4º 
(smooth) / Smooth 
fixed disk 
Continuous 
ramp 
0.01 1,000 25.0 10 October 
2013 
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Fig. D1 - Photographs of the rheometry tests with the MalvernTM Kinexus Pro rheometer - From top 
left, clockwise: rheometer test; cone disk after testing; lower disk after testing 
 
D.2 RESULTS 
The basic results are presented in Figure D-2. 
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Fig. D-2 - Results of mud sample rheometry tests 
 
D.3 DISCUSSION 
The results indicated relatively little difference between the various data (Fig. D-2). Overall the 
relationship between shear stress and shear rate highlighted some basic differences between the 
loading and unloading phases which were typical of non-Newtonian thixotropic materials. The 
shear stress magnitude during unloading was smaller than the magnitude during loading for a given 
shear rate. The rheometry data were used to estimate an apparent yield stress of the fluid c and 
effective viscosity . Only a rapid and approximate characterisation of the material was conducted 
herein. A more complete characterisation of the rheological behaviour of such material would 
require the determination of the thixotropic model parameters. The yield stress and apparent 
viscosity were estimated during the unloading phase, to be consistent with earlier thixotropic 
experiments (ROUSSEL et al. 2004, REUNGOAT et al. 2014). The yield stress and effective 
viscosity estimates were deduced by applying a Herschel-Bulkley model linking the shear stress  
and shear rate V/y as: 
 
m
c y
V





  (D-1) 
where 0 < m  1 (HUANG and GARCIA 1998, WILSON and BURGESS 1998). For m = 1 and c 
= 0,  is the dynamic viscosity of a Newtonian fluid in a laminar flow motion. Based upon the 
unloading data, the comparison with Equation (D-1) gave some basic results in terms of the yield 
stress c, effective viscosity  and exponent m (Table D-2). In Table D-2, the data are compared 
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with earlier results obtained with a similar approach. 
On average, the apparent viscosity was 4.5 Pa.s, the yield stress was 5.9 and m ~ 0.28. The results 
are summarised in Table D-3 in which they are compared with previous sediment properties of 
samples also collected in the Arcins channel. Quantitatively the findings were consistent with the 
qualitative observations of a very soft mud layer on the right bank next to the low tide water level. 
Further they were not dissimilar with the sediment characteristics of samples collected during 
earlier field studies at Arcins (Table D-2). 
 
Table D-3 - Summary of rheometry test results with Garonne River estuarine sediment samples 
collected in the Arcins channel 
 
Sediment c  m 
sample Pa Pa.s  
11 September 2011 55.5 48.8 0.28 
7 June 2012 173 26.8 0.31 
8 June 2012 37.1 9.1 0.38 
19 October 2013 5.93 4.48 0.28 
 
Note: averaged results. 
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Table D-2 - Measured properties of mud samples collected in the Garonne River at Arcins - Comparison with  mud samples collected in the Garonne 
River at Arcins in September 2010 and June 2012 and Brisbane River flood sediment sample during the January 2011 flood 
 
Ref. River Rheometer Configuration Loading Shear rate Temperature Sediment s c  m 
 system    Min. Max.  collection     
     1/s 1/s C data  Pa Pa.s  
Present study Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 19 October 1.341 6.38 3.13 0.286 
 River Pro 4º (smooth) ramp    2013  6.21 4.76 0.278 
 at Arcins         6.17 5.00 0.271 
          6.61 5.31 0.268 
          5.48 4.28 0.278 
          4.77 4.39 0.276 
REUNGOAT Garonne Malvern Kinexus Cone 40 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 75.4 36.1 0.22 
et al. (2014) River Pro 4º (smooth) ramp    8 June 2012 1.428 15.7 11.4 0.27 
 at Arcins       8 June 2012  21.5 13.1 0.28 
   Disk 20 mm Continuous 0.01 1,000 25.0 7 June 2012 1.357 271 17.5 0.40 
   (smooth) ramp    8 June 2012 1.428 74.2 2.87 0.60 
CHANSON 
et al. (2011) 
Garonne 
River at 
Arcins 
TA-ARG2 Cone 40 mm 
2º (smooth) 
Steady state 
flow steps 
0.01 1,000 20 11 Sept. 
2010 
1.41 49.7 
61.4 
44.6 
52.9 
0.28 
0.27 
BROWN and 
CHANSON 
(2012) 
Brisbane 
River in flood 
at Gardens 
Point Road 
Mettler 
Viscosimeter 
Cylindrical 
(0.59 mm 
between 
cylinders) 
 0 1,045 25 14 Jan. 
2011 
1.46 35.5 8.1 0.34 
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APPENDIX E - EXPERIMENTAL DATA: ACOUSTIC AND OPTICAL 
BACKSCATTER INTENSITY VERSUS SUSPENDED SEDIMENT 
CONCENTRATION FOR THE ARCINS CHANNEL SEDIMENT SAMPLES 
(GARONNE RIVER) 
E.1 PRESENTATION 
Some Arcins channel sediment materials were collected at low tide on 19 and 20 October 2013 
afternoon at low tide next to the right bank. The soil samples consisted of silty materials collected 
on the stream bed just above the low water surface mark. The mud samples were soft and could be 
considered somehow as a form of mud cream (crème de vase). Two series of laboratory tests were 
conducted to relate the suspended sediment concentration and the backscatter strength of ADV and 
OBS instruments. 
The first series was performed at the University of Bordeaux with both NortekTM ADV Vectrino+ 
(10 MHz, serial number VNO1356) system and D&A Instrument OBS-5+ (Serial No S5153, 
Firmware v1.20) unit. The ADV and OBS units were calibrated by measuring the signal amplitude 
of artificially produced dilute solutions of known sediments concentration, obtained from the 
sediment sample, and thoroughly mixed. Herein tap water solutions were used since earlier works 
indicated that the type of water solution had little effect on the results (CHANSON et al. 2008, 
REUNGOAT et al. 2014). For each test, a known mass of sediment was introduced in the water 
tank which was stirred continuously with two mixers (Fig. E-1). The ADV sampling volume was 
located 0.05 m above the tank bottom corresponding to a relative water elevation z/d = 0.238, while 
the OBS head was located at 0.15 m above the tank bed. The tank was strongly agitated by the two 
mixers (Fig. E1). Typically the standard deviations of the velocity components were: vx'  0.07-0.12 
m/s, vy'  0.06-0.11 m/s, and vz'  0.04-0.07 m/s depending upon the experimental conditions. 
The mass of wet sediment was measured with a Mettler™ Type PM200 (Serial 86.1.06.627.9.2) 
balance and the error was less than 0.01 g. The mass concentration was deduced from the measured 
mass of wet sediment (1) and the measured water tank volume. The acoustic backscatter amplitude 
measurements were conducted with the Nortek ADV Vectrino+ (10 MHz) system using the 
configuration employed in the field (scan rate, velocity range), while the optical backscatter was 
recorded with the OBS unit. The ADV signal outputs were scanned at 200 Hz for 1 minute and the 
OBS unit signal was sampled simultaneously at 20 Hz for 1 minute during each test. The average 
                                                 
1 In the present study, the suspended sediment concentration (SSC) was calculated in terms of the wet 
sediment mass per unit volume of water solution. The suspended sediment concentration in terms of dry 
sediment mass may be derived from the known wet suspended sediment concentration and wet sediment 
porosity Po: SSCwet = PoSSCdry/(1-Po). 
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ADV amplitude measurements represented the average signal strength of the four ADV receivers 
and were measured in counts. The ADV data were post-processed with the removal of average 
signal to noise ratio data less than 15 dB, average correlation values less than 60%, and 
communication errors,  In addition the signal was despiked using the phase-space thresholding 
technique developed by GORING and NIKORA (2002) and implemented by WAHL (2003). The 
percentage of good samples was superior to 85% for the entire data set. 
 
 
(A) General view - From left to right: two water mixers, OBS unit (background) & ADV unit 
  
(B, Left) SSC = 1.66 kg/m3 
(C, Right) SSC = 38.89 kg/m3 
Fig. E-1 - Photograph of the laboratory experiment with the ADV system and OBS unit and two 
mixers on 20 October 2013 (University of Bordeaux) 
 
The second series of tests was carried out using a purpose built rig in the Sorby Environmental 
Research Laboratory at the School of Earth and Environment, University of Leeds using the D&A 
Instrument OBS-5+ (Serial No S5153, Firmware v1.20) unit. The calibration rig consisted of a 
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0.175 m deep 0.225 m diameter rotating container which could spin at up to 100 rpm. A rotary 
stirrer with 3 bladed impeller was placed 1 cm from the container base to prevent sediment settling. 
The contained was filled with 5 litres of clean freshwater and the OBS sensor was located 2 cm 
below the water surface (Fig. E-2). The OBS unit was calibrated again by measuring the signal 
amplitude of artificially produced dilute solutions of known sediments concentration, obtained from 
the sediment sample, and thoroughly mixed. Wet sediment samples were weighed out on an Adams 
PGW753i scale with a precision of 0.001 g and gradually added to the clean water. The OBS 
system was sampled at 2 Hz for 5 minutes for each sediment concentration. 
 
 
Fig. E-2 - Photograph of the laboratory experiment with the OBS unit (University of Leeds) 
 
E.2 EXPERIMENTAL RESULTS 
E2.1 Experimental series 1 
 
Location: The University of Bordeaux (France) 
Date: 20 October 2013 
Experiments by: David REUNGOAT, Hubert CHANSON and Claire KEEVIL 
Data processing 
by: 
Hubert CHANSON and Claire KEEVIL  
Soil and water 
samples: 
Tap water. 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank just above the low water line on 19 October 2013 at about 
17:00 just before the tidal bore passage. 
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Instrumentation: NortekTM ADV Vectrino+ (10 MHz, serial number VNO1356) with a three-
dimensional down-looking field head scanned at 200 Hz for 1 minute for 
each test. ADV settings: 19 October 2013. Velocity range: 2.5 m/s. 
D&A Instrument OBS-5+ (Serial No S5153, Firmware v1.20) sampled at 20 
Hz for 1 minute for each test 
Comments: Soil sample collection on a sunny day. 
All the samples were kept in sealed, water tight containers until testing. 
Water temperature: 20 to 21 C. 
 
Run SSC     ADV      
  Percent. 
good 
samples 
Avg Vx Avg Vy Avg Vz Std Vx Std Vy Std Vz Avg 
Ampl 
Avg 
SNR 
Avg 
Ampl 
 kg/m3 % cm/s cm/s cm/s cm/s cm/s cm/s % dB Counts
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
1a 0 47.59 2.39 -7.31 0.85 6.67 6.45 3.83 92.3 50.7 117.9 
1b 0 43.13 1.31 -0.99 5.91 10.11 7.98 4.74 88.7 42.4 98.7 
1.01 0.021 83.44 0.42 -0.41 5.83 9.17 6.85 4.80 90.9 49.1 114.2 
1.02 0.058 88.89 0.53 0.62 7.17 8.98 7.05 4.58 91.9 54.8 127.4 
1.03 0.133 93.78 -0.40 0.01 6.65 8.50 7.04 4.32 92.1 62.9 146.3 
1.03b 0.227 93.11 2.77 -0.87 6.34 8.83 6.28 4.54 92.5 66.5 154.7 
1.04 0.310 94.21 1.19 -0.44 5.56 7.69 6.73 4.45 92.4 67.4 156.8 
1.05 0.382 94.16 0.41 -1.11 6.18 8.22 6.89 4.36 92.1 69.0 160.5 
1.06 0.501 93.83 -0.84 -0.31 6.38 8.39 6.58 4.66 92.7 70.0 162.8 
1.07 0.626 94.95 -0.01 -0.86 6.99 7.81 6.82 4.44 92.4 70.3 163.4 
1.08 0.815 93.46 -0.11 -0.17 6.16 8.62 6.75 4.38 92.6 71.3 165.8 
1.09 1.213 94.85 -0.12 -1.11 6.70 7.99 6.57 4.51 92.7 71.8 166.9 
1.10 1.665 94.87 8.58 -6.72 5.23 9.17 9.19 5.49 89.7 72.2 167.9 
1.11 2.011 92.59 3.40 -6.47 10.69 11.10 10.24 6.97 87.4 72.4 168.3 
1.12 2.44 92.2 3.10 -6.79 11.48 11.12 10.01 6.55 87.3 72.1 167.6 
1.13 2.87 93.88 4.93 -7.42 9.95 10.50 9.75 6.29 88.0 72.0 167.3 
1.14 3.32 92.91 2.73 -6.79 11.06 11.04 9.94 6.72 87.4 72.3 168.1 
1.15 4.15 90.94 12.71 -5.63 1.96 12.65 11.94 7.76 86.8 72.5 168.6 
1.16 6.15 84.68 12.08 -9.28 8.73 15.99 15.53 11.04 81.7 72.4 168.3 
1.17 8.20 85.19 7.73 -13.97 3.61 15.50 15.12 9.62 81.6 72.1 167.6 
1.18 10.37 85.73 8.56 -12.74 3.54 16.73 15.82 10.38 81.3 72.1 167.8 
1.19 13.24 84.44 10.20 -12.09 3.57 15.76 15.61 10.48 81.2 72.0 167.5 
1.20 17.25 82.59 10.00 -12.90 4.35 17.02 16.32 10.24 81.0 72.1 167.7 
1.21 21.73 83.6 12.09 -14.09 3.81 16.67 16.00 10.68 80.9 72.3 168.0 
1.22 25.88 78.9 19.38 -6.74 2.26 17.80 16.99 11.67 79.4 72.3 168.2 
1.23 30.41 80.15 17.37 -7.53 3.43 17.81 17.15 12.17 79.7 72.1 167.6 
1.24 38.89 79.66 18.87 -9.02 0.58 17.65 17.35 11.05 79.0 71.7 166.7 
1.25 48.07 78.66 18.21 -8.53 0.27 18.43 16.51 10.96 78.7 71.2 165.5 
1.26 56.12 78.45 18.09 -7.50 -0.09 18.39 17.73 10.59 78.4 70.0 162.8 
1.27 69.81 79.21 18.51 -11.77 -2.48 18.08 16.35 11.57 78.8 68.2 158.6 
 
Notes: ADV Vectrino+ data scanned at 200 Hz for 1 minute; Ampl: acoustic backscatter amplitude 
(counts); Avg: time-averaged; Correl: correlation; Percent. good samples: percentage of good ADV 
samples after post-processing; SNR: signal to noise ratio; Std: standard deviation. 
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Run SSC OBS  
  Average Average
 kg/m3 NTU Counts 
(1) (2) (13) (44) 
1a 0 -- -- 
1b 0 0 32638 
1.01 0.021 -- -- 
1.02 0.058 -- -- 
1.03 0.133 -- -- 
1.03b 0.227 5.42 36376 
1.04 0.310 21.46 37035 
1.05 0.382 34.99 37617 
1.06 0.501 -- -- 
1.07 0.626 84.48 39728 
1.08 0.815 112.45 40663 
1.09 1.213 172.64 42597 
1.10 1.665 235.67 44576 
1.11 2.011 -- -- 
1.12 2.44 405.26 48147 
1.13 2.87 413.91 47715 
1.14b 3.04 448.49 48921 
1.14c 3.71 465.02 48102 
1.16b 5.71 570.39 47711 
1.17b 9.94 652.2 42670 
1.18 10.37 -- -- 
1.19b 12.81 646.53 39490 
1.20b 16.81 590.57 36463 
1.21 21.73 493.54 34563 
1.22 25.88 401.77 33699 
1.23 30.41 311.94 33129 
1.24 38.89 176.93 32779 
1.25 48.07 85.89 32694 
1.26 56.12 35.05 32684 
1.27 69.81   
 
The calibration data sets are presented in Figure E-3 for the ADV system and Figure E-4 for the 
OBS unit. 
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(A, Left) Relationship between suspended sediment concentration (SSC) and acoustic signal 
amplitude (Ampl) 
(B, Right) Relationship between suspended sediment concentration (SSC) and signal to noise ratio 
(SNR) 
Fig. E-3 - Relationship between suspended sediment concentration (SSC) and ADV signal to noise 
ratio (SNR) and acoustic signal amplitude (Ampl) with the sediment samples collected in the Arcins 
channel, Garonne River on 19 October 2013 
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Fig. E-4 - Relationship between suspended sediment concentration (SSC) and OBS signal 
amplitude (NTU) with the sediment samples collected in the Arcins channel, Garonne River on 19 
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October 2013 
 
E2.2 Experimental series 2 
 
Location: The University of Leeds (UK) 
Date: November 2013 
Experiments by: Claire KEEVIL 
Data processing 
by: 
Claire KEEVIL  
Soil and water 
samples: 
Tap water. 
Mud samples collected in the Arcins channel (Garonne River, France) next 
to the right bank just above the low water line on 20 October 2013 at about 
15:30 before the tidal bore passage. 
Instrumentation: D&A Instrument OBS-5+ (Serial No S5153, Firmware v1.20) sampled at 2 
Hz for 5 minutes for each test 
Comments: Soil sample collection on a sunny day. 
All the samples were kept in sealed, water tight containers until testing. 
Water temperature: 20 to 21 C. 
 
Run SSC   OBS    
  Average Median Near detector Far detector 
    Average Median Average Median 
 kg/m3 NTU NTU Counts Counts Counts Counts 
(1) (2) (3) (4) (5) (6) (7) (8) 
1 0.000 0.00 0.00 32638 32638 33010 33009 
2 0.034 0.00 0.00 32835 32835 33660 33658 
3 0.092 0.00 0.00 33134 33133 34637 34634 
4 0.164 0.00 0.00 33502 33500 35769 35769 
5 0.268 0.10 0.00 34046 34041 37278 37272 
6 0.362 14.24 14.13 34504 34501 38428 38424 
7 0.418 22.98 22.86 34759 34756 39087 39076 
8 0.504 36.10 35.98 35143 35139 39928 39926 
9 0.618 52.56 52.34 35623 35617 40866 40858 
10 0.708 65.41 65.19 35998 35992 41552 41540 
11 0.840 81.77 81.57 36476 36470 42365 42358 
12 1.020 102.03 101.68 37067 37057 43316 43307 
13 1.262 128.22 127.69 37832 37817 44419 44404 
14 1.502 153.16 152.78 38560 38549 45378 45368 
15 1.684 170.28 169.85 39060 39047 45998 45980 
16 1.864 185.71 185.28 39510 39498 46527 46520 
17 2.12 206.59 206.00 40120 40103 47230 47211 
18 2.34 222.69 222.38 40590 40581 47732 47713 
19 2.54 235.59 235.16 40967 40954 48135 48120 
20 2.75 248.63 248.59 41347 41346 48456 48448 
21 3.19 272.72 272.41 42050 42042 49090 49080 
22 3.64 295.94 295.22 42729 42707 49591 49583 
23 4.27 325.62 325.08 43595 43579 50041 50022 
24 5.00 363.18 362.62 44691 44675 50279 50271 
25 5.82 393.79 393.33 45585 45572 49998 49980 
26 6.50 415.33 415.13 46214 46208 49533 49514 
27 7.43 439.18 438.75 46910 46898 48541 48523 
28 8.38 456.66 456.44 47421 47414 47457 47439 
29 9.48 470.23 470.23 47817 47817 46081 46065 
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30 12.74 480.09 479.84 48105 48097 41475 41465 
31 17.00 439.09 439.20 46908 46911 37373 37366 
32 21.65 367.64 367.58 44822 44820 35013 35007 
33 26.24 292.71 292.64 42634 42632 33839 33837 
34 32.28 208.80 208.76 40184 40183 33147 33147 
35 37.56 148.53 148.51 38425 38424 32892 32893 
36 42.13 104.70 104.63 37145 37143 32774 32774 
37 49.12 56.51 56.45 35738 35737 32707 32707 
38 56.76 19.88 19.81 34669 34667 32680 32679 
39 62.40 0.15 0.00 34084 34083 32660 32661 
40 68.68 0.00 0.00 33624 33622 32667 32666 
41 76.86 0.00 0.00 33209 33209 32657 32657 
42 83.44 0.00 0.00 33018 33017 32655 32656 
42 90.43 0.00 0.00 32871 32871 32653 32653 
44 97.26 0.00 0.00 32775 32775 32657 32657 
45 105.20 0.00 0.00 32695 32695 32675 32675 
46 113.40 0.00 0.00 32646 32646 32676 32675 
47 122.38 0.00 0.00 32614 32613 32675 32675 
48 132.43 0.00 0.00 32590 32590 32677 32677 
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(A, Left) Relationship between suspended sediment concentration (SSC) and OBS signal amplitude 
(NTU) 
(B, Right) Relationship between suspended sediment concentration (SSC) and OBS near and far 
detector signal amplitude (Counts) 
Fig. E-5 - Relationship between suspended sediment concentration (SSC) and OBS signal 
amplitude with the sediment samples collected in the Arcins channel, Garonne River on 20 October 
2013 
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Discussion 
Both the ADV and OBS data showed a monotonic increase in signal amplitude counts with 
increasing SSC up to 2 to 10 kg/m3 (Fig. E-6). The ADV data trend was consistent with earlier 
results with cohesive sediments including CHANSON et al. (2008), HA et al. (2009), CHANSON 
et al. (2011), BROWN and CHANSON (2012) and REUNGOAT et al. (2014). For larger 
suspended sediment concentrations (SSC > 5 to 10 kg/m3), some signal amplitude attenuation was 
observed and believed to be linked multiple scattering and associated sound absorption 
(DOWNING et al. 1995, GUERRERO et al. 2011, HA et al. 2009). The saturation trend was 
however substantially different between the ADV and OBS signal outputs (Fig. E-6). The OBS data 
showed a more significant attenuation than the ADV data. 
The present results indicated a maximum backscatter amplitude for a characteristic suspended 
sediment concentration (SSC)c  2-10 kg/m3. For comparison, BROWN and CHANSON (2012) 
observed a maximum signal amplitude for (SSC)c  3.2 kg/m3 using a SontekTM microADV unit in 
the flood waters of the Brisbane River. CHANSON et al. (2011) obtained (SSC)c  0.48 kg/m3 with 
a NortekTM Vector system in the Garonne River, while HA et al. (2009) reported (SSC)c  1-10 
kg/m3 depending upon the type of sediments. The differences tended to illustrate that the calibration 
of a backscatter system is specific to the instrument itself and to the type of sediment materials of 
the natural system. The calibration data sets were fitted with simple correlation curves for SSC < 
(SSC)c and SSC > (SSC)c. The results are summarised in Table E-1. 
 
Table E-1 - Correlation between backscatter amplitude and suspended sediment concentration for 
the sediment samples at Arcins on 19 October 2013 
 
Instrument Sample Calibration 
date 
Correlation Validity 
range 
Comments 
(1) (2) (3) (4) (5) (6) 
NortekTM 
ADV 
Vectrino+ 
Arcins, 19 
Oct. 2013 
20 Oct. 2013 
050.0Ampl98.7454.964
1SSC   
SSC < 2 
kg/m3 
R = 0.997 
D&A 
Instrument 
OBS-5+ 
Arcins, 20 
Oct. 2013 
20 Oct. 2013 147.0NTU NTU0039.1235.0SSC  SSC < 6 
kg/m3 
R = 0.993 
   NTU00226.0e26.59SSC   10 < SSC < 
56 kg/m3 
R = 0.9935 
  Nov. 2013 
25 NTU1047.3
NTU00143.02953.0SSC


  
SSC < 10 
kg/m3 
R = 0.995 
   NTU00319.0e62.62SSC   SSC > 12 
kg/m3 
R = 0.990 
 
Notes: Ampl: ADV backscatter amplitude in counts; NTU: OBS backscatter amplitude in NTU; R: 
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normalised coefficient of correlation; SSC: suspended sediment concentration in kg/m3. 
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Fig. E-6 - Relationship between suspended sediment concentration (SSC) and ADV and OBS signal 
amplitude with the sediment samples collected in the Arcins channel, Garonne River on 19 October 
2013 - Comparison with the sediment-laden water samples collected on 19 and 20 October 2013 
and ADV/OBS backscatter readings at time of water sampling 
 
E.3 APPLICATION 
The ADV and OBS signal amplitudes were recorded continuously on 19 October 2013 starting at 
the end of the ebb tide, and encompassing the tidal bore passage and the early flood tide. The raw 
data are shown in Figure E-7 where the signal amplitudes are compared to the time variations of the 
water depth. The instantaneous ADV signal amplitude varied from 54 to 201 counts, with a median 
value: 167 counts for the whole data set, and the median OBS signal amplitude ranged from 0 to 
671 NTU (median value: 591 NTU) (Fig. E-8). Figure E-8 presents the histograms of instantaneous 
ADV and median OBS signal amplitudes before and after the tidal bore passage. 
Some sediment-laden water samples were collected at Arcins in the Garonne River on 19 October 
2013 at 16:59 and 17:45: that is, before and after the tidal bore respectively. The water samples 
E-11 
were collected about 0.2 m below the water surface. They were analysed subsequently in laboratory 
to yield the suspended sediment concentration. The results are listed in Table E-2. Basically the data 
were very close and indicated a low suspended sediment concentration prior to the tidal bore, with 
SSC (2) about 2 kg/m3 at 16:59. After the tidal bore, the suspended sediment concentration was 
higher with SSC about 9.5 kg/m3 at 17:45, about 40 minutes after the bore passage. 
The findings were consistent with a number of on-site observations. About 30 minutes prior to the 
bore, Dr Pierre LUBIN dived next to the sampling site to retrieve some equipment on the bed. He 
commented that the water was relatively clear and that he could see easily underwater. During the 
bore passage and early flood tide, on the other hand, the authors observed a dark brown flow and 
murky surface waters, together with intense sediment mixing next to the right bank during the tidal 
bore passage, the 'backward' bore event and the early flood tide, sediment upwelling in the deeper 
sections of the channel and sediment flocs bursting at the free-surface (Fig. E-9, App. B). Figure E-
9 presents a number of photographic observations and further photographs are available in 
Appendix B. 
The sediment-laden water sample data analyses were compared with the calibration data of the 
ADV and OBS units. The results are presented in Figure E-6 in which the SSC data are shown as 
functions of the measured backscatter amplitude during the field study, at the time of water 
sampling. Errors bars were added in Figure E-6 for completeness. The results exhibited a good 
agreement between the measured SSCs and ADV and OBS backscatter readings for both water 
samples (Fig. E-6). They implied that the ADV and OBS backscatter amplitude outputs may be 
used as a surrogate of SSC with the proper selection of some calibration curve. 
 
                                                 
2 Calculated in terms of wet sediment mass to be consistent with the ADV and OBS calibration method. 
E-12 
Table E-2 - Suspended sediment concentration of sediment-laden water samples collected at Arcins 
on 19 October 2013: laboratory analyses 
 
Sampling date Sampling 
time 
Univ. Bordeaux Univ. Leeds Comments 
  SSC SSC SSC SSC  
  wet 
sediment 
dry 
sediment
wet 
sediment
dry 
sediment
 
  kg/m3 kg/m3 kg/m3 kg/m3  
(1) (2) (3) (4) (5) (6) (7) 
19 October 2013 16:59 2.41 0.61 1.84 0.53 Prior tidal bore. Consistent 
with observations by diver.
 17:45 9.92 2.52 9.42 2.72 After tidal bore. 
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Fig. E-7 - Time variation of the water depth, ADV signal amplitude and OBS amplitude in the 
Arcins channel, Garonne River on 19 October 2013 
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(A) Before tidal bore 
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(B) After tidal bore 
Fig. E-8 - Histogram of instantaneous ADV signal amplitude (Left) and median OBS amplitude 
(Right) in the Arcins channel, Garonne River on 19 October 2013 
 
E-14 
  
(A) Looking downstream at the sampling site less than 60 s after the tidal bore passage 
  
(B) Looking at the right bank about 8-9 minutes after the tidal bore passage 
  
(C) Sediment flocs bursting at the free-surface immediately north of the pontoon about 18:13-18:17 
Fig. E-9 - Photographic evidences of sediment mixing in the Arcins channel during and after the 
tidal bore passage on 19 October 2013 
 
Application to field data 
Basically the field observations indicated that the suspended sediment concentrations (SSCs) were 
very low prior the tidal bore, while much larger sediment concentration levels were observed during 
and after the passage of the tidal bore (Table E-2, Fig. E-9). As a result, it is assumed that, prior to 
E-15 
the tidal bore, the relationship between SSC and backscatter amplitude was monotically increasing. 
That is, the SSC estimates were calculated using the following the OBS calibration curve SSC < 6 
kg/m3: 
 147.0NTU NTU0039.1235.0SSC   SSC < 6 kg/m3 (OBS)  (E-1) 
where the OBS backscatter amplitude (NTU) is in NTU, and the suspended sediment concentration 
SSC is in kg/m3. 
During and after the passage of the tidal bore, it is believed that the SSC levels were significantly 
larger and it is assumed that the relationship between SSC estimate and backscatter amplitude was 
monotically decreasing. That is, the OBS backscatter amplitude was attenuated by the heavily 
sediment-laden flow. The suspended sediment estimates were deduced from the OBS calibration 
data for SSC > 10 kg/m3: 
 NTU00226.0e26.59SSC   SSC > 10 kg/m3 (OBS)  (E-2) 
Equations (E-1) and (E-2) were applied to the field data set before and after the tidal bore passage 
respectively. The results in terms of SSC estimates are presented in Figure E-10. 
The SSC estimate data indicated some large sediment concentrations during the tidal bore as well as 
during the 'backward' bore event (Fig. E-10). The result was consistent with the field observations 
of murky water during the bore and they were close to the water sample data, although the latter 
were collected closer to the water surface. 
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Fig. E-10 - Time variation of the water depth and SSC estimates in the Arcins channel, Garonne 
River on 19 October 2013 - Comparison with the sediment-laden water sample data 
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APPENDIX F - INSTANTANEOUS VELOCITY MEASUREMENTS DURING 
THE TIDAL BORE EVENT (FIELD STUDY G13, 19 OCTOBER 2013) 
F.1 PRESENTATION 
On 19 October 2013, instantaneous velocity measurements were performed at a high frequency 
(200 Hz) prior to, during and after the tidal bore in the Arcins channel (France). The acoustic 
Doppler velocimeter (ADV) unit was installed at the northern (1) end of a large pontoon and the 
instrumentation sampled the instantaneous velocity components about 0.98 m beneath the free-
surface (Fig. F-1). The ADV velocity data underwent some post-processing to eliminate any 
erroneous and corrupted samples. The post processing included the removal of communication 
errors, the removal of average signal to noise ratio data less than 5 dB and the removal of average 
correlation values less than 60%. In addition the signal was despiked using the phase-space 
thresholding technique developed by GORING and NIKORA (2002) and implemented by WAHL 
(2003). The post-processing was conducted with the software WinADVTM version 2.028 and the 
percentage of good samples was superior to 82% for the entire data set. 
The experimental results are presented in the next section. 
 
 
Fig. F-1 - Un-distorted dimensioned sketch of the ADV mounting, sampling volume location and 
water surface 5 minutes prior to the tidal bore on 19 October 2013- Left: view from Arcins Island - 
Right: looking upstream 
 
                                                 
1 The Arcins channel is roughly aligned North-South. The northern direction corresponds to the downstream 
direction. 
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F.2 EXPERIMENTAL RESULTS 
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(A) Water depth and longitudinal velocity - Comparison between ADV data (sampled at 200 Hz) and surface velocity measured on the channel 
centreline 
F-3 
 
(B) Water depth and transverse and vertical velocity components (ADV data sampled at 200 Hz) 
Fig. F-2 - Instantaneous water depth d and velocity components as functions of time during the Arcins channel tidal bore on 19 October 2013 for the 
entire field study 
 
F-4 
Time (s) since 00:00 on 19/10/2013
V
x
,
 
V
y
,
 
V
z
 
(
m
/
s
)
W
a
t
e
r
 
d
e
p
t
h
 
(
m
)
61300 61400 61500 61600 61700 61800 61900 62000 62100 62200 62300 62400 62500 62600
-1.5 2
-1.3 2.16
-1.1 2.32
-0.9 2.48
-0.7 2.64
-0.5 2.8
-0.3 2.96
-0.1 3.12
0.1 3.28
0.3 3.44
0.5 3.6
Backward bore
Vx Vy Vz
 
Fig. F-3 - Instantaneous water depth d and velocity components as functions of time during the Arcins channel tidal bore on 19 October 2013 during 
the passage of the tidal bore and the effects of the 'backward' bore (same legend as Figure F-2) 
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(A) About the passage of the tidal bore (same legend as Figure F-2) 
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(B) About the passage of the 'backward' bore (same legend as Figure F-2) 
Fig. F-4 - Details of instantaneous velocity components as functions of time during the Arcins channel tidal bore on 19 October 2013 about the 
passage of the tidal bore and of the 'backward' bore - Note different horizontal and vertical axis scales between Figures F4A and F4B 
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Fig. F-5 - Details of instantaneous velocity components as functions of time during the Arcins channel tidal bore on 19 October 2013 about the 
passage of the tidal bore (ADV data sampled at 200 Hz) (same legend as Figure F-2) 
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APPENDIX G - UNSTEADY TURBULENT REYNOLDS STRESSES DURING 
THE TIDAL BORE EVENT (FIELD STUDY G13, 19 OCTOBER 2013) 
G.1 PRESENTATION 
In the present study, detailed velocity measurements were performed at a high frequency (200 Hz) 
prior to, during and after the tidal bore in the Arcins channel on 19 October 2013. The acoustic 
Doppler velocimeter (ADV) unit was installed at the downstream end of a large pontoon and the 
instrument sampled the turbulent velocity components about 0.98 m beneath the free-surface (Fig. 
G-1). The ADV velocity data underwent some post-processing to eliminate any erroneous and 
corrupted samples. The post processing was conducted with the software WinADVTM version 
2.028; it encompassed the removal of communication errors, the removal of average signal to noise 
ratio data less than 5 dB and the removal of average correlation values less than 60%. In addition 
the signal was despiked using the phase-space thresholding technique developed by GORING and 
NIKORA (2002) and implemented by WAHL (2003). The percentage of good samples was superior 
to 82% for the entire data set. 
A turbulent Reynolds stress is proportional to the product of two velocity fluctuations, where the 
turbulent velocity fluctuation is the deviation of the instantaneous velocity from a low-pass filtered 
velocity component, also called the variable interval time average VITA (PIQUET 1999, 
CHANSON and DOCHERTY 2012). The low-pass filtering was based upon a cut-off frequency 
Fcutoff which was derived based upon a sensitivity analysis conducted between an upper limit of the 
filtered signal (herein 100 Hz, the Nyquist frequency) and a lower limit corresponding to a period of 
about 0.96 s of the bore undulations. Figure G-2 illustrates the effect of the cutoff-frequency on the 
low-pass filtered longitudinal velocity component. 
The results yielded an optimum threshold of Fcutoff = 2 Hz, and the filtering was applied to all 
velocity components. Note that KOCH and CHANSON (2009), CHANSON et al. (2011), 
CHANSON and DOCHERTY (2012) and REUNGOAT et al. (2014) selected a cutoff period 
1/Fcutoff that was between the undulation period and half the undulation period of the tidal bore, as 
selected in the present study. Prior to the filtering, the erroneous data points were replaced by linear 
interpolation between the end points of the removed data interval. The filtering was applied to all 
velocity components, and the turbulent Reynolds stresses were calculated from the high-pass 
filtered signals. 
The experimental results are presented in the next section. A basic statistical summary is developed 
in section G.3. 
 
G-2 
 
Fig. G-1 - Un-distorted dimensioned sketch of the ADV mounting, sampling volume location and 
water surface 5 minutes prior to the tidal bore on 19 October 2013- Left: view from Arcins Island - 
Right: looking upstream 
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Fig. G-2 - Instantaneous water depth d and longitudinal and vertical velocity components as 
functions of time during the Arcins channel tidal bore on 19 October 2013 - Comparison with low-
G-3 
pass filtered velocity signals (cutoff frequencies: 5, 2, 1, 0.5 Hz) 
 
G.2 EXPERIMENTAL RESULTS 
G.2.1 Normal Reynolds stresses 
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G.2 Tangential Reynolds stresses 
Time (s) since 00:00 on 19/10/2013
V
 (m
/s
), 
W
at
er
 d
ep
th
 (m
)
Sh
ea
r s
tre
ss
 (P
a)
60000 60500 61000 61500 62000 62500 63000 63500 64000 64500 65000
-1.6 -48
-1.2 -40
-0.8 -32
-0.4 -24
0 -16
0.4 -8
0.8 0
1.2 8
1.6 16
2 24
2.4 32
2.8 40
3.2 48
3.6 56
4 64
4.4 72
4.8 80
Backward bore
Tidal bore
Vx
Water depth (Manual)
Water depth (video)
.vxvy
 
G-5 
Time (s) since 00:00 on 19/10/2013
V
 (m
/s
), 
W
at
er
 d
ep
th
 (m
)
Sh
ea
r s
tre
ss
 (P
a)
60000 60500 61000 61500 62000 62500 63000 63500 64000 64500 65000
-1.6 -48
-1.2 -40
-0.8 -32
-0.4 -24
0 -16
0.4 -8
0.8 0
1.2 8
1.6 16
2 24
2.4 32
2.8 40
3.2 48
3.6 56
4 64
4.4 72
4.8 80
Backward bore
Tidal bore
Vx
Water depth (Manual)
Water depth (video)
.vxvz
 
Time (s) since 00:00 on 19/10/2013
V
 (m
/s
), 
W
at
er
 d
ep
th
 (m
)
Sh
ea
r s
tre
ss
 (P
a)
60000 60500 61000 61500 62000 62500 63000 63500 64000 64500 65000
-1.6 -48
-1.2 -40
-0.8 -32
-0.4 -24
0 -16
0.4 -8
0.8 0
1.2 8
1.6 16
2 24
2.4 32
2.8 40
3.2 48
3.6 56
4 64
4.4 72
4.8 80
Backward bore
Tidal bore
Vx
Water depth (Manual)
Water depth (video)
.vyvz
 
 
G-6 
G.3 STATISTICAL SUMMARY 
 
Description Time since   Reynolds stress  
 00:00 on ×vx2    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (3) (4) (5) (6) 
Before tidal bore 61,292-61,492 6.1E-14 25.40 0.36 1.20 
Immediately prior to tidal bore 61,492-61,512 2.9E-8 20.56 0.17 0.70 
Immediately after tidal bore 61,522-61,542 1.3E-9 22.19 0.80 1.51 
About passage of 'backward' bore 62,090-62,290 1.1E-9 61.96 1.94 3.02 
Flood tide (end of study) 65,600-65,800 3.0E-10 15.63 0.41 0.70 
 
Description Time since   Reynolds stress  
 00:00 on ×vy2    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (7) (8) (9) (10) 
Before tidal bore 61,292-61,492 4.0E-12 24.02 0.27 0.90 
Immediately prior to tidal bore 61,492-61,512 2.0E-8 17.41 0.17 0.59 
Immediately after tidal bore 61,522-61,542 2.6E-9 18.48 0.90 1.63 
About passage of 'backward' bore 62,090-62,290 1.3E-9 93.69 2.28 3.73 
Flood tide (end of study) 65,600-65,800 1.8E-13 15.30 0.59 1.00 
 
Description Time since   Reynolds stress  
 00:00 on ×vz2    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (11) (12) (13) (14) 
Before tidal bore 61,292-61,492 5.4E-14 3.12 0.04 0.11 
Immediately prior to tidal bore 61,492-61,512 3.1E-13 1.62 0.02 0.06 
Immediately after tidal bore 61,522-61,542 5.5E-9 1.80 0.10 0.15 
About passage of 'backward' bore 62,090-62,290 1.7E-9 50.88 1.19 1.99 
Flood tide (end of study) 65,600-65,800 7.4E-12 12.82 0.17 0.38 
 
Description Time since   Reynolds stress  
 00:00 on ×vx×vy    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (15) (16) (17) (18) 
Before tidal bore 61,292-61,492 -11.67 13.19 -0.02 0.62 
Immediately prior to tidal bore 61,492-61,512 -5.14 9.34 0.0094 0.37 
Immediately after tidal bore 61,522-61,542 -9.93 9.52 0.0133 0.99 
About passage of 'backward' bore 62,090-62,290 -22.79 23.94 0.1294 2.28 
Flood tide (end of study) 65,600-65,800 -5.81 7.97 0.0664 0.57 
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Description Time since   Reynolds stress  
 00:00 on ×vx×vz    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (19) (20) (21) (22) 
Before tidal bore 61,292-61,492 -7.00 7.69 -0.042 0.33 
Immediately prior to tidal bore 61,492-61,512 -5.78 3.09 -0.001 0.19 
Immediately after tidal bore 61,522-61,542 -3.08 4.33 0.0218 0.39 
About passage of 'backward' bore 62,090-62,290 -18.29 18.20 0.0248 1.65 
Flood tide (end of study) 65,600-65,800 -5.19 7.18 -0.009 0.32 
 
Description Time since   Reynolds stress  
 00:00 on ×vy×vz    
 19/10/13 Min. Max. Mean Std 
 (s) (Pa) (Pa) (Pa) (Pa) 
(1) (2) (23) (24) (25) (26) 
Before tidal bore 61,292-61,492 -3.22 3.73 0.0131 0.18 
Immediately prior to tidal bore 61,492-61,512 -2.05 1.49 -0.003 0.08 
Immediately after tidal bore 61,522-61,542 -3.67 3.26 -0.011 0.33 
About passage of 'backward' bore 62,090-62,290 -27.92 24.63 0.0112 1.86 
Flood tide (end of study) 65,600-65,800 -6.46 5.99 -0.015 0.38 
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APPENDIX H - APPLICATIONS OF THE SAINT-VENANT EQUATIONS 
AND METHOD OF CHARACTERISTICS TO THE TIDAL BORE 
COLLISION (BY H. CHANSON) 
H.1 PRESENTATION 
The inception, development and propagation of a tidal bore may be predicted using the shallow-
water equations: e.g. Saint-Venant equations. The Saint-Venant equations are one-dimensional 
unsteady open channel flow equations characterising the variations with time of the water depth d 
and flow velocity V within some basic assumptions (HENDERSON 1966, LIGGETT 1994, 
CHANSON 2004): 
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where x is the longitudinal co-ordinate positive downstream, A is the flow cross-section area, B is 
the free-surface width, g is the gravity acceleration, So is the bed slope and Sf is the friction slope. 
The Saint-Venant equations may be transformed into a characteristic system of equations. 
  22eq FrFr8fgdt ))2Fr(C(d   along CVdtdx    (H-3) 
  22eq FrFr8fgdt ))2Fr(C(d   along CVdtdx    (H-4) 
where C is the celerity of a small disturbance: C = (g×d)1/2, Fr = V/C, f is the Darcy-Weisbach 
friction factor assumed constant independent of time, Freq = Veq/Ceq and the subscript eq refers to 
the uniform equilibrium conditions for which So = Sf (HENDERSON 1966). The characteristic 
system of equations (Eqs. (H-3) & (H-4)) may be solved analytically for some cases. Several 
textbooks presented the complete solutions in prismatic rectangular channels (HENDERSON 1966, 
MONTES 1998, STURM 2001, CHANSON 2004). 
Simple solutions of the Saint-Venant equations may be developed for a 'simple wave' (STOKER 
1957, HENDERSON 1966, CHANSON 2004). A simple wave is defined as a surge for which (So = 
Sf = 0) with initially constant water depth do and flow velocity Vo in the channel. The characteristic 
system of equations for a simple wave becomes: 
 0
dt
))2Fr(C(d   along CV
dt
dx    (H-5) 
 0
dt
))2Fr(C(d   along CV
dt
dx    (H-6) 
That is, (V+2×C), or C×(Fr+2), is a constant along the forward characteristic line. For an observer 
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moving at the absolute velocity (V + C), the term (V+2×C) is constant. Similarly (V-2×C), or 
C×(Fr-2), is constant along the backward characteristic. When the characteristic trajectories can be 
plotted in the (x, t) plane, they represent the path of the observers travelling on the forward and 
backward characteristics. On each forward characteristic, the slope of the trajectory is 1/(V+C) and 
(V+2×C) is a constant along the characteristic trajectory. Altogether the characteristic trajectories 
form contour lines of (V+2×C) and (V-2×C). 
Herein we consider the generation of two tidal bores propagating in opposite direction by the 
sudden releases of two semi-infinite reservoirs located at x = x1 and x2 (Fig. H-1). Figure H1 shows 
the schematic and the associated characteristic diagram. In the next section, we review the 
theoretical solution for the sudden release of a single reservoir; then we develop the two-
dimensional solution for the collision of two bores generated by the sudden release of two 
reservoirs with identical initial water levels. Lastly we develop the case of bore collision induced by 
two reservoirs with different initial water levels as sketched in Figure H-1. 
 
 
Fig. H-1 - Sketch of bore collision induced by the sudden release of two semi-infinite reservoirs 
into a channel initially filled with water 
 
H.2 BORE INDUCED BY A SUDDEN RESERVOIR RELEASE IN A FRICTIONLESS 
HORIZONTAL CHANNEL INITIALLY FILLED WITH WATER 
Let us consider the propagation of a bore induced by the sudden release of a semi-infinite reservoir 
into a layer of water in a rectangular horizontal channel. This problem has been treated by several 
textbooks and the simple wave solution gives excellent results comparable to experimental 
observations for a smooth horizontal rectangular channel. The initial flow conditions are the initial 
downstream depth do and the initial velocity Vo (Fig. H-2). Further the flow velocity behind the dam 
is Vo for t < 0 and the dam wall advances at a translation speed Vo prior to the sudden reservoir 
release. The reservoir release takes place at t = 0 when the dam is located at x = x1. 
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The basic flow equations are the characteristic system of equations, and the continuity and 
momentum equations across the positive surge front: 
 0
dt
)C2V(d   along CV
dt
dx    (H-7) 
 0
dt
)C2V(d   along CV
dt
dx    (H-6) 
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where U1 is the bore front celerity, and the subscripts o and 'conj,1' refer respectively to the flow 
conditions in front of and behind the bore: i.e., the initial flow conditions and conjugate flow 
conditions behind the surge front (Fig. H-2). Note that all velocities are positive downstream. 
 
 
Fig. H-2 - Sketch of bore propagation induced by the sudden release of a semi-infinite reservoir into 
a channel initially filled with water initially at rest (Vo = 0) 
 
For the bore, the continuity and momentum principles give (section 1): 
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where the Froude numbers Fro and Frconj,1 are defined as : 
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After the sudden reservoir release, a negative surge propagates into the reservoir with known water 
depth d1 and velocity V1. In the (x, t) plane, the initial negative wave characteristic has a slope dt/dx 
= -1/(C1-Vo) where C1 = (g×d1)1/2. For t > 0, the forward characteristics issuing from the initial 
backward characteristics cannot intersect the downstream water level (d = do) because it would 
involve a discontinuity in velocity. Such a discontinuity in flow velocity and depth can only take 
place as a bore front which is sketched in Figure E-2. 
Between the leading edge of the negative wave (point E1) and the point E2, the free-surface profile 
is a parabola: 
 dg3dg2V
t
xx
1o
1   xE1   x  xE2  (H-14) 
and the location of the point E1 is given by : 
 11o1E xt)CV(x   (H-15) 
Between the point E2 and the bore front (point E3), the free-surface profile is horizontal. The flow 
depth dconj,1 and velocity Vconj,1 must satisfy the continuity and momentum equations across the bore 
front, as well as the condition along the C1 forward characteristics issuing from the initial negative 
characteristic and reaching point E2 : 
 1o1,conj1,conj dg2Vdg2V   Forward characteristics  (H-16) 
Once the bore forms (Fig. H-2), the locations of points E2 and E3 satisfy respectively: 
 11,conj1,conj2E xt)CV(x   (H-17) 
 113E xtUx   (H-18) 
where Cconj,1 = (g×dconj,1)1/2. The surge front (point E3) does advance faster than the point E2. 
The surge celerity U1 satisfies: 
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Note that X = dconj.1/do and that the flow conditions behind the bore front (dconj,1, Vconj,1) are deduced 
from the application of the momentum principle. 
The above result shows that the dimensionless surge velocity U1/(g×do)1/2 is a function of the ratio 
dconj.1/do and of the initial Froude numbers Vo/(g×d1)1/2 and Vo/(g×do)1/2. For Vo = 0, the solution is 
commonly treated in textbooks (e.g. HENDERSON 1966, MONTES 1998, CHANSON 2004). A 
graphical solution is presented in Figure H-3. The present solution compared well with a number of 
experimental observations, showing that bottom friction was negligible (SCHOKLITSCH 1917, 
ESTRADE 1967, CHANSON et al. 2002). 
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Fig. H-3 - Graphical solution of the flow conditions for a dam break wave in a horizontal channel 
initially filled with water and with zero initial velocity (Vo = 0) (after CHANSON 2004). 
 
H.3 BORE COLLISION INDUCED BY A SUDDEN RELEASE OF TWO IDENTICAL 
RESERVOIRS IN A FRICTIONLESS HORIZONTAL CHANNEL INITIALLY FILLED WITH 
WATER 
We now consider the bore collision induced by the sudden release of two semi-infinite reservoirs of 
identical initial reservoir elevations (d1 = d2) into a rectangular horizontal channel initially filled 
with water (d = do). The bore collision takes place at x = (x1+x2)/2 which is a plane of symmetry. 
Using the method of images, the problem is identical to the bore impacting a solid boundary located 
at x = (x1+x2)/2 (Fig. H-4) and the right boundary condition is Q = 0. This situation was treated 
analytically by STOKER (1957) and investigated experimentally by RAMSDEN (1996). 
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Fig. H-4 - Sketch of bore propagation induced by the sudden release of two semi-infinite reservoirs 
with identical initial reservoir level into a channel initially filled with water initially at rest (Vo = 0) 
 
At the vertical wall, the boundary condition is V = 0. Thus the water depth at the wall at impact 
satisfies: 
 21,conj1,conj ddg2V   (H-21) 
The water behind the reflected bore is still as sketched in Figure H-5. For the bore front, the 
continuity and momentum principles give (section 1): 
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where the Froude numbers Fr2 is defined as : 
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Fig. H-5 - Sketch of reflected bore (Vo = 0) 
 
The reflected bore travels back towards the reservoir in a region of deeper water. Thus the celerity 
U2 of the reflected bore is larger than the incoming bore celerity: i.e., U2 > U2. But the Froude 
number of the reflected bore Froude number is smaller than that of the initial bore because of the 
deeper water. The complete treatment is developed in STOKER (1957, pp. 329-333). 
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APPENDIX I - FLOOD OF THE GARONNE RIVER ON 30 JANUARY-2 
FEBRUARY 2014 
I.1 PRESENTATION 
On 30 January-2 February 2014, the City of Bordeaux and the township of Bègles experienced 
some major flooding as the combined result of a major flood of the Garonne River and king tide 
conditions. The SHOM predictions indicated a maximum flood tidal range (1) of 5.24 m on Sunday 
2 January 2014 morning at Pointe de Grave and 7.85 m on Saturday 1 January 2014 evening at 
Bordeaux. The water level observations (2) recorded a maximum flood tidal range of 5.23 m on 
Saturday 1 January 2014 morning at Pointe de Grave and 5.66 m on Saturday 1 January 2014 
morning at Bordeaux (Fig. I-1). Importantly the water levels in Bordeaux were between 1 and 1.8 m 
above the predictions as a result of the major river flood. During the highest tides, the Pont François 
Mitterrand was partially closed on Friday 31 March 2014. The left bank was inundated at Bègles 
(Fig. I-2), while the Arcins Island was partially inundated (Fig. I-3). In Bordeaux, the right bank 
was inundated at high tide on Friday morning and Saturday. Figure I-1 shows the water level 
observations in Langon and Bordeaux during the flood event. Figure I-2 illustrates the extents of the 
flooding. Figure I-3 presents a series of photographs of the Arcins channel and Arcins Island taken 
on Sunday 2 February 2014 afternoon (low tide). Visual observations indicated that the Arcins 
Island was partially inundated at high tides. At mid- and low-tides, the photographs showed some 
"waterfall effect" next to the channel bank (Fig. I-3, Middle), highlighting the island surface 
drainage in a manner somehow similar to surface runoff on and drainage of mud flats and 
mangroves (CHANSON 2008). 
This major flood impacted substantially on the river channel including the Arcins channel, with bed 
scour and erosion, while the river carried some substantial wash load and large debris. It will be 
interesting to document the impact of the flood on the flow motion and tidal bore process in the 
Arcins channel, after the present field study which suggested a significant siltation of the channel 
between 2010 and 2013. 
 
                                                 
1 Flood tidal range calculated between successive low and high tides, in absence of flood and storm surge. 
2 Data: Vigicrue, Ministère de l'Environnement et du Développement Durable. 
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Fig. I-1 - Measured water elevations at Bordeaux and Langon (3) in  2014 (Data: Vigicrue, 
Ministère de l'Environnement et du Développement Durable) - Comparison with the observations 
on 19 October 2013 
 
 
(A) Submerged riverside avenue in Bordeaux on the right bank on Saturday 1 Feb. 2014 at 07:30 
(Photo Laurent THEILLET) 
                                                 
3 Langon is located 10 km upstream of Cadillac, 41 km upstream of Bègles, 46 km upstream of Pont de 
Pierre, Bordeaux and 50 km upstream of the Bordeaux tidal gauge. 
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(B) Rue Marcel Sembat, Bègles on the left bank on Saturday 1 Feb. 2014 at 11:14 (Photograph S. 
M. and Sud Ouest) 
 
(C) Lavoir, Podensac (4) on Saturday 1 Feb. 2014 at 12:56 (Photograph C S. and Sud Ouest) 
                                                 
4 Podensac is located 32 km upstream of Pont de Pierre, Bordeaux and 27 km upstream of Bègles. 
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Fig. I-2 - Photographs of the flooding in January-February 2014 
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Fig. I-3 - Photographs of the Garonne River in the Arcins channel on Sunday 2 February 2014 
afternoon at end of ebb tide - Views from the right bank 
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